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ABSTRACT 
Common waterhemp [Amaranthus tuberculatus (Moq.) Sauer.] is an annual plant 
native to the Midwest United States and is considered a troublesome weed species. The 
economic importance of common waterhemp is attributable to rapid population increases, the 
appearance of herbicide resistant biotypes, and the emergence phenology during the cropping 
season. Because seed dormancy levels can determine seedling emergence patterns, and the 
requirements necessary to remove common waterhemp seed dormancy and enhance 
germination are not well understood, we characterized the genetic and physiological 
regulation of common waterhemp seed dormancy and how seed dormancy is regulated by 
environmental signals such as moisture and temperature. The results indicated that seed 
dormancy levels in common waterhemp are highly influenced by temperature. Interactions 
between daily average temperatures and seed moisture reduce seed dormancy, and 
temperature fluctuation alleviates dormancy and triggers germination. The heritability of 
seed dormancy in common waterhemp is high. The heritability of genes involved in 
environmental signal sensing and seed dormancy regulation is more difficult to determine, 
but the existence and importance of these genes in seed dormancy was confirmed. In 
addition, the existence of intra-specific seed dormancy variation in common waterhemp was 
demonstrated. The evidence suggests that selection for complex seed dormancy regulatory 
mechanisms in common waterhemp is possible and might be one of the reasons why this 
weed has successfully thrived in the Midwest Region. 
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CHAPTER 1 
GENERAL INTRODUCTION 
Survival is one of the most important, if not the most important goal for all organisms 
Species differ in their strategies to achieve this goal. Some species specialize in high 
reproductive rates, while others specialize in high individual competitive ability to obtain 
resources (Silvertown and Charlesworth 2001; Sutherland 2004). Similarly, there are species 
that have evolved short life cycles ranging from hours to days, and others whose life cycles 
last from years to decades (Silvertown and Charlesworth 2001). Among this last group of 
long living organisms are those that spend most of their life showing relatively constant 
metabolic activity, such as evergreen trees. On the other hand, another group of organisms 
spend most of their life in developmental and metabolic arrest, and only become active for 
reproductive purposes for a short period of time (Silvertown and Charlesworth 2001). These 
organisms have specialized structures that allow them to survive for long periods of time at 
very low metabolic rates. In the case of vascular plants, an important specialized structure is 
the seed. Although the seed life span may be short, many plant species have seeds that show 
dormancy which increases the life span. Several definitions of dormancy have been 
proposed; however, a consensus definition has not yet been accepted (Knapp 2000). Most of 
the definitions consider a seed that will not germinate under optimum conditions to be 
dormant (Simpson 1990; Villiers 1972). Because seed dormancy prevents germination, it 
allows the seed to remain in the soil for extended periods of time, which favors the formation 
of seed banks. A seed bank is the pool of viable seeds of a given species in the soil in a 
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defined area (Baskin and Baskin 1998; Silvertown and Charlesworth 2001). Because the 
seeds within a seed bank have different dormancy levels, germination events will occur at 
different times and in different areas, thus increasing the chances for the species to find the 
right conditions and places to establish an individual that will successfully produce progeny 
(Baskin and Baskin 1998). 
Seed Dormancy and Seed Bank Dynamics 
Seed dormancy is a developmental and physiological process that is poorly understood. 
It is commonly associated with seed bank formation, but how dormancy affects seed bank 
dynamics is still unclear (Baskin and Baskin 1998). For example, even though seed 
dormancy is important in seed bank formation, dormancy is not necessarily required for seed 
persistence in the soil. In fact, Thompson et al. (2003) argued that seed dormancy and 
persistence in soil are not clearly related and are not synonymous. In addition, although it is 
accepted that seed dormancy impacts seedling emergence patterns, how this occurs is not 
completely clear. Because seed dormancy prevents germination, it affects germination 
timing, but the absence of dormancy it is not the only requirement for germination. Similarly, 
seed dormancy influences the number of seeds that could potentially germinate but does not 
completely determine this number. Therefore, predicting seed dormancy is not equivalent to 
a prediction of germination and seedling emergence (Batlla et al. 2003; Vleeshouwers et al. 
1995). The reason for the uncertainty surrounding the importance of seed dormancy in seed 
bank dynamics is the lack of knowledge of seed dormancy regulatory mechanisms and of 
seed intrinsic and extrinsic variables involved in this regulation (Chao 2002; Grundy 2003; 
Vleeshouwers and Kropff 2000). Thus, the thorough understanding of the seed dormancy 
3 
regulatory mechanisms in a given species would help understand seed bank dynamics and 
seedling emergence patterns. 
Primary and Secondary Dormancy 
Even though several types of dormancy have been described historically, for 
agricultural purposes the most important types are primary and secondary dormancy (Foley 
2001). Primary dormancy occurs in mature seeds before after-ripening, and secondary 
dormancy occurs when a fully after-ripened seed or non-dormant seed develops dormancy 
again (Foley 2001). The physiological bases of primary dormancy have been studied 
extensively. In contrast, the internal mechanism by which the seed induces or breaks 
secondary dormancy has not been explored. Part of the reason for the lack of information on 
secondary dormancy is that experiments are difficult to design and time consuming. In 
addition, descriptive studies of secondary dormancy have suggested that the responses to 
after-ripening conditions are similar for primary and secondary dormancy (Foley 2001). 
Hormones, Dormancy and Germination 
It is widely accepted that dormancy in many species is a process regulated by hormonal 
balance. Abscisic acid (ABA) and gibberellic acid (GA) are considered the most important 
hormones for the regulation of dormancy and germination of seeds (Gosti et al. 1999; Ritchie 
and Gilroy 1998; Rohde et al. 2000). ABA favors primary dormancy by repressing embryo 
growth (Pritchard et al. 2002), and the importance of ABA has been well documented. 
However, it is believed that ABA is not important in secondary dormancy (Bewley 1997). 
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GA promotes germination through complex mechanisms that are not completely 
understood. In Arabidopsis thaliana (L.) Heynh., GA may be responsible for weakening the 
testa or seed coat, thus promoting embryo growth (Debeaujon and Koornneef 2000). Also, 
GA regulates the expression of genes, like GAMyb, that are involved in the induction of a-
amylase synthesis during germination (Gubler et al. 1995). In a recent study using proteomic 
analysis and GA-deficient Arabidopsis mutants, it was demonstrated that GA only promoted 
the synthesis of proteins after germination sensu stricto had occurred (Gallardo et al. 2002). 
The only protein that was affected by GA before germination was an a-2,4 tubulin, a 
component of the cytoskeleton. These results confirmed that GA is very important once 
germination has started, but not in initially breaking dormancy. 
There is evidence demonstrating that other hormones such as ethylene and 
brassinosteroids (BR) are involved in the transition of seeds from dormancy to germination 
(Karssen et al. 1989; Kpeczynski et al. 1996; Mantilla 2000; Saini et al. 1989; Vieira and 
Barros 1994). In Arabidopsis, ethylene has a negative effect on ABA signaling during 
germination (Ghassemian et al. 2000). In the case of BR, using BR-insensitive and BR-
biosynthesis Arabidopsis mutants, it was shown that the BR signaling pathway is required to 
counteract the ABA inhibition of germination (Steber and McCourt 2001). In general, 
complex and dynamic interactions in which not only hormone levels, but also sensitivity to 
those hormones, are important for seed dormancy regulation (Mena et al. 2002; Steber et al. 
1998; White and Rivin 2000; White et al. 2000; Zentella et al. 2002). 
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Environmental factors can induce or repress germination 
The environment has the potential to induce or inhibit seed germination. Water, 
oxygen, light and temperature are critical environmental factors for germination and 
dormancy regulation, depending on the species. Fluctuations, extreme levels, and duration of 
exposure to those factors can act as signals that allow seeds to "sense" whether or not the 
conditions are appropriate for germination (Baskin and Baskin 1998). 
The effects of light on dormancy and germination have been studied extensively (Casal 
and Sanchez 1998). Light responses are mediated by phytochromes (phy), specifically by phy 
A, B, C, D, and E. The transduction of the light signal has been widely studied in the case of 
phy B. After red light (R, 660 nm) exposure, photosensitive seeds germinate, and 
germination is prevented by far red (FR, 730 nm) light (Baskin and Baskin 1998). Although 
light exposure is very important for germination of some species, other factors like 
temperature can overcome light requirements (Debeaujon and Koornneef 2000). 
The effect of temperature as an environmental signal to break seed dormancy or 
enhance germination is not well understood. For many species, the optimum range of 
temperatures for germination has been studied, but the same has not been done for dormancy 
alleviation (Baskin and Baskin 1998). Low or very high temperatures can break dormancy 
for summer and winter annuals, respectively (Allen and Meyer 1998; Forcella et al. 2000). 
However, the exact mechanism whereby temperature acts as a signal for dormancy 
alleviation is unknown. Derkx et al. (1994) reported that chilling promoted the germination 
of a GA-insensitive (gai) Arabidopsis mutants, suggesting that GA was not required for 
chilling-induced breakage of dormancy. 
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Debeaujon and Koornneef (2000) concluded fox Arabidopsis seeds that chilling and 
light have independent effects on GA biosynthesis, and possibly on ABA. They observed that 
Arabidopsis seeds germinated in response to light, but light did not completely break 
dormancy. On the other hand, chilling promoted 100% germination regardless of light 
exposure. Moreover, Jarvis et al. (1997) suggested that cold and wet conditions broke the 
dormancy of Douglas fir [Pseudotsuga menzieesii (Mirb.) Franco] seeds. They proposed that 
these conditions increased the expression of late embryogenesis-abundant (LEA) genes. In a 
more recent study, chilling Douglas fir seeds not only decreased ABA but also reduced the 
sensitivity of seeds to exogenous ABA (Corbineau et al. 2002). In yellow cedar 
[Chamaecyparis nootkatensis (D. Don) Spach] seeds, chilling promoted pectin methyl 
esterase (PME) activity, and the increased activity was correlated with dormancy breaking. 
Also, the PME activity was stimulated by GA and suppressed by ABA (Ren and Kermode 
2000). 
Although chilling has been associated with breaking dormancy, species like Anagallis 
arvensis, a facultative winter annual, increase their dormancy level after prolonged exposure 
to chilling (Kruk and Benech-Arnold 2000). Therefore, generalizations about environmental 
effects on seed dormancy must be made carefully. Fennimore et al. (1998), studying wild oat 
(Avena fatua L.) dormancy, observed interactions between genotype and germination 
temperature, and they argued that these interactions were important for the environmental 
adaptability of this species. This information reinforces the importance of environmental cues 
and their interactions with the genes that control seed dormancy. 
Temperature fluctuation or heat shock can play very important roles in seed dormancy 
regulation because these are environmental signals that can affect the physiology of the seed 
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(Wood et al. 2000). The expression of specific heat shock proteins was previously associated 
with the acquisition of desiccation tolerance and dormancy (DeRocher and Vierling 1994; 
Wehmeyer et al. 1996). Daily temperature fluctuation promoted germination of 
photosensitive Rumex obtusifolius seeds even after FR exposure (Benvenutti et al. 2001). 
Moreover, temperature regulated the light responsiveness of other species (Derkx and 
Karssen 1993). 
Genetic factors involved in seed dormancy and germinability 
Traditionally, seed responses to environmental factors have been studied at the 
phenotypic level and this has resulted in inconsistent and contradictory conclusions (Li and 
Foley 1997). In addition, because several environmental factors could promote the same 
phenotype, it has been very difficult to identify factors that directly determine seed dormancy 
or induce germination (Dubreucq et al. 1996). Genotypic and molecular studies are powerful 
tools that can help characterize physiological changes associated with seed dormancy 
regulation and complement phenotypic studies. 
Many genes that are involved in germination and dormancy have been identified and 
isolated. Most of them are related to ABA-GA balance and seed testa strength (Flintham 
2000; Foley 2001; Ritchie and Gilroy 1998). Mutant Arabidopsis seeds with weak testa (i.e. 
tt4 and tt7) show reduced dormancy (Debeaujon and Koornneef 2000; Debeaujon et al. 
2000). In Arabidopsis, the G A4 and G A4 H genes that encode ^-hydroxylases in the GA 
biosynthetic pathway are expressed in response to R light treatment, thus promoting the 
production of bioactive GA. In addition, GA4H is expressed predominantly during the 
transition from seed dormancy to germination (Yamaguchi et al. 1998). Orthologous genes of 
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G A4 and G A4 H (Ls3hl and Ls3h2) have been identified in lettuce (Lactuca sativa L.) 
(Toyomasu et al. 1998). 
Many genes that are related to ABA biosynthesis and regulation have also been 
identified for Arabidopsis. The expression of most ABA-insensitive (ABI) genes is not seed 
specific, but these genes affect the dormancy of Arabidopsis when expressed in the seed 
(Finkelstein et al. 1998; Gosti et al. 1999; Rohde et al. 2000). ABI1 and ABI2 genes encode 
proteins that are members of the 2C class of protein serine/threonine phosphatases (PP2Cs) 
(Rodriguez et al. 1998; Gosti et al. 1999), and ABI3 and ABI4 genes encode putative 
transcriptional regulators (Finkelstein et al. 1998). Maize (Zea mays L.) ABI4 is seed 
specific and is involved in ABA-mediated kernel development, and interacts with ABA and 
sugar-responsive genes (Niu et al. 2002). In Arabidopsis, ABI3 is expressed almost 
exclusively in the seed and is involved in the expression of some of the class I small heat 
shock proteins (sHSP) during seed development and germination (Wehmeyer et al. 1996). 
Also, the effect of ABI3 depends on the expression of other genes such as DET1 
(DeETiolated) (Rohde et al. 2000). ABI3 orthologous transcripts were also found in poplar 
(Populus spp.) buds, suggesting that bud and seed dormancy have similar molecular 
components (Rohde et al. 1996). Another gene involved in ABA sensitivity is ERA1 
(Enhanced Response to ABA), encoding a subunit of famesyl transferase (Cutler et al. 1996). 
Mutations in any of these ABA-related genes cause alterations in seed dormancy. 
Most of the identified genes associated with seed dormancy are expressed in the 
embryo. However, the Arabidopsis gene DAG1 (Dof affecting germination), encoding a Dof 
zinc finger transcription factor, affects seed dormancy but is not expressed in the embryo. In 
situ hybridization analysis showed that the DAG1 is expressed in the vascular tissue of the 
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flower and maturing fruit. In addition, homozygous dagl mutants do not require light for 
germination and do not show seed dormancy (Papi et al. 2000). This study provides insight 
into the existence of mechanisms that control dormancy independently from light, and 
maternal effects that could have a great impact on dormancy establishment. 
Quantitative trait loci (QTL) techniques have been used to detect loci that are related to 
dormancy in several species (Li and Foley 1997), including wild oat (Fennimore et al. 1999; 
Jana et al. 1988; Li and Foley 1997), rice (Oryza sativa L.) (Wan et al. 1997); barley 
(Hordeum vulgare L.) (Han et al. 1996, 1999; Larson et al. 1996), wheat (Triticum aestivum 
L.) (Paterson and Sorrells 1990), and Arabidopsis (Alonso-Blanco et al. 2003). In addition, 
many genes and proteins have been associated with post-germinative events. However, genes 
can be induced and proteins accumulated in dormant and non-dormant seeds even though 
those genes and proteins do not affect the dormancy level of the seed (Bies et al. 1998). 
Therefore, although proteins and genes have been reported to be differentially expressed in 
dormant and non-dormant seed, almost none can be used exclusively as markers of dormancy 
or germination per se. The reason for this is because the experiments in which these genes or 
proteins were studied did not consider the temporal separation between dormancy and 
germination (Bewley 1997; Koornneef et al. 2002). 
In the last ten years, considerable information has been generated about mechanisms 
involved in seed dormancy and germination regulation. However, with exception of light, it 
is not known how seeds sense environmental signals and transduce those signals for breaking 
dormancy. Dormancy regulatory mechanisms that affect plant adaptability to the 
environment can be exploited for weed control, and plant invasiveness studies and 
prevention. The best example of a gene involved in environmental signal sensing and 
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dormancy/germination is the Arabidopsis COMATOSE (CTS) locus (Russell et al. 2000). 
This locus promotes the breaking of dormancy without affecting GA responses, and 
apparently the action is downstream of ABA dormancy regulation. It is interesting that the 
dormancy of cts seeds was not broken by chilling, which generally breaks the dormancy of 
wild type Arabidopsis seeds. It was demonstrated that CTS encodes a peroxisomal protein of 
the ATP binding cassette (ABC) transporter. This transporter regulates the movement of 
acyl-CoAs into the peroxisome, consequently affecting P-oxidation and gluconeogenesis. In 
addition, CTS is negatively regulated by the ABA signaling pathway, and seems to be a very 
important checkpoint for the transition from seed dormancy to germination (Footitt et al. 
2002). 
Another interesting case is the FsPP2Cl gene encoding a protein phosphatase type-2C 
in Fagus sylvatica. This gene was shown to negatively regulate ABA signaling during the 
transition from seed dormancy to germination (Gonzalez-Garcia et al. 2003). The gene was 
expressed specifically in the embryo of dormant seeds, and its expression level increased 
after ABA treatment. In addition, FsPP2Cl was down-regulated after stratification or GA 
treatment (Lorenzo et al. 2001). These results suggested that FsPP2Cl was involved in 
germination induction by counteracting the negative effect of ABA. Genes like CTS and 
FsPP2Cl may be very important from an agricultural perspective not only because they are 
involved in seed dormancy regulation, but also because they have a direct impact on the 
environment adaptability of the species. 
The main problem in identifying seed dormancy genes is that it has not been possible to 
determine when dormancy is alleviated and germination is initiated. Most of the experiments 
conducted to identify seed dormancy genes have not considered this important aspect. 
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Therefore, most of the genes identified so far have been associated with the germination 
process itself or with embryo development, and not seed dormancy control. 
Common waterhemp and seed dormancy 
Common waterhemp [Amaranthus tuberculatus (Moq.) Saner J is an annual plant 
native to the Midwest United States (Pratt and Clark 2001). This species was commonly 
observed along riverbanks but rarely in crop fields until the late 1980's. In the last 15 years, 
this species has become one of the most important weeds in the Midwestern United States 
(Owen 2000) soybean (Glycine max (L.) Merr.) (Mayo et al. 1995) and corn (Zea mays L.) 
fields (Anderson et al. 1996b). The economic importance of common waterhemp is 
attributable to rapid population increases, the appearance of herbicide resistant biotypes, and 
the emergence phenology during the cropping season. 
Although initially there were reports of effective common waterhemp control with 
herbicides (greater than 90%) (Mayo et al. 1995), the control of this weed has become 
difficult, due in part to the evolution of herbicide resistant populations. Common waterhemp 
populations with resistance to acetolactate synthase (ALS)-inhibiting herbicides (Foes et al. 
1998; Hinz and Owen 1997; Horak and Peterson 1995; Lovell et al. 1996; Sprague et al. 
1997), and triazines (Anderson et al. 1996a, b) have been widely identified. Also, in Illinois, 
Iowa, and Missouri, populations of this species have demonstrated differential responses to 
glyphosate, thus suggesting the possibility of resistance to this herbicide (Smeda and 
Schuster 2002; Zelaya and Owen 2000). Recently, a common waterhemp biotype resistant to 
protoporphyrinogen oxidase (PPO) inhibiting herbicides was reported (Shoup et al. 2003). 
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Another important characteristic of common waterhemp that makes it difficult to 
control is variable emergence patterns, compared to other annual weeds (Felix and Owen 
1999; Hartzler et al. 1999; Leon and Owen 2004). Many common waterhemp seedlings 
emerge when tillage practices or post-emergence herbicide applications are not feasible, thus 
making control difficult. Seed dormancy levels can determine seedling emergence patterns, 
thus the understanding of seed dormancy regulation might help to predict emergence events 
and periodicity (Foley 2001 ; Forcella et al. 2000). 
The requirements necessary to remove common waterhemp seed dormancy and 
enhance germination are not well understood. It is clear that treatments such as chilling 
(exposure to wet conditions at 4 C) reduce seed dormancy (Leon and Owen 2003). 
Furthermore, as in redroot pigweed (.Amaranthus retroflexus L.) and smooth pigweed 
(Amaranthus hybridus L.) (Gallagher and Cardina 1998a, b), common waterhemp 
germination can be induced by R light (660 nm), and inhibited by FR light (730 nm) (Leon 
and Owen 2003), indicating that common waterhemp seed dormancy is phytochrome 
regulated. However, the information that has been generated does not satisfactorily explain 
the emergence characteristics of common waterhemp in the field. 
Because the variable emergence of common waterhemp is a key characteristic in 
successful establishment, a better understanding of dormancy and germination is necessary to 
properly describe the potential invasiveness of this species and to develop more successful 
control strategies. The present work describes how common waterhemp seed dormancy is 
regulated by environmental signals such as moisture and temperature. Also, we characterized 
some of the mechanisms involved in the regulation of common waterhemp seed dormancy, 
and compare these mechanisms to the ones described for other species. 
13 
References 
Allen, P. S. and S. E. Meyer. 1998. Ecological aspects of seed dormancy loss. Seed Sci. Res. 
8:183-191. 
Alonso-Blanco, C., L. Bentsink, C. J. Hanhart, H. Blankestijn-de Vries, and M. Koornneef. 
2003. Analysis of natural allelic variation at seed dormancy loci of Arabidopsis 
thaliana. Genetics 164:711-729. 
Anderson, D. D., L. G. Higly, A. R. Martin, and F. W. Roeth. 1996a. Competition between 
triazine-resistance and -susceptible common waterhemp {Amaranthus rudis). Weed 
Sci. 44:853-859. 
Anderson, D. D., F. W. Roeth, and Z. R. Martin. 1996b. Occurrence and control of triazine-
resistant common waterhemp {Amaranthus rudis) in field com {Zea mays). Weed 
Technol. 10:570-575. 
Baskin, C. C. and J. M. Baskin. 1998. Seeds: ecology, biogeography, and evolution of 
dormancy and germination. (San Diego: Academic Press). 666 p. 
Batlla, D., V. Verges, and R. L. Benech-Amold. 2003. A quantitative analysis of seed 
responses to cycle-doses of fluctuating temperatures in relation to dormancy: 
Development of a thermal time model for Polygonum aviculare L. seeds. Seed Sci. 
Res. 13:197-207. 
Benvenutti, S., M. Macchia, and S. Miele. 2001. Light, temperature and burial depth effects 
on Rumex obtusifolius seed germination and emergence. Weed Res. 41:177-186. 
Bewley, J. D. 1997. Seed germination and dormancy. Plant Cell 9:1055-1066. 
14 
Bies, N., L. Aspart, C. Carles, P. Gallois, and M. Delseny. 1998. Accumulation and 
degradation of Em proteins in Arabidopsis thaliana: evidence for post-transcriptional 
controls. J. Exp. Bot. 49:1925-1933. 
Casai, J. J. and R. A. Sanchez. 1998. Phytochrome and seed germination. Seed Sci. Res. 
8:317-329. 
Chao, W. S. 2002. Contemporary methods to investigate seed and bud dormancy. Weed Sci. 
50:215-226. 
Corbineau, F., J. Bianco, G. Garllo, and D. Come. 2002. Breakage of Pesudotsuga menziesii 
seed dormancy by cold treatment as related to changes in seed ABA sensitivity and 
ABA levels. Physiol. Plant. 114:313-319. 
Cutler, S., M. Ghassemian, D. Bonetta, S. Cooney, and P. McCourt. 1996. A protein famesyl 
transferase involved in abscisic acid signal transduction in Arabidopsis. Science 
273:1239-1241. 
Debeaujon, I. and M. Koornneef. 2000. Gibberellin requirement for Arabidopsis seed 
germination is determined both by testa characteristics and embryonic abscisic acid. 
Plant Physiol. 122:415-424. 
Debeaujon, I., K. M. Leon-Kloosterziel, and M. Koornneef. 2000. Influence of the testa on 
seed dormancy, germination, and longevity in Arabidopsis. Plant Physiol. 122:403-
413. 
Derkx, M. P. M. and C. M. Karssen. 1993. Effects of light and temperature on seed 
dormancy and gibberellin-stimulated germination in Arabidopsis thaliana: studies 
with gibberellin-deficient and -insensitive mutants. Physiol. Plant. 89:360-368. 
Derkx, M. P. M., E. Vermeer, and C. M. Karssen. 1994. Gibberellins in seeds of Arabidopsis 
thaliana: biological activities, identification and effects of light and chilling on 
endogenous levels. Plant Growth Regul. 15:223-234. 
DeRocher, A. E. and E. Vierling. 1994. Developmental control of small heat shock protein 
expression during pea seed maturation. Plant J. 5:93-102. 
Dubreucq, B., P. Grappin, and M. Caboche. 1996. A new method for the identification and 
isolation of genes essential for Arabidopsis thaliana seed germination. Mol. Gen. 
Genet. 525L:42-50. 
Felix, J. and M. D. K. Owen. 1999. Weed population dynamics in land removed from the 
conservation reserve program. Weed Sci. 47:511-517. 
Fennimore, S. A., W. E. Nyquist, G. E. Shaner, P. Myers, and M. E. Foley. 1998. 
Temperature response in wild oat (Avena fatua L.) generations segregating for seed 
dormancy. Heredity 81:674-682. 
Fennimore, S. A., W. E. Nyquist, G. E. Shaner, R. W. Doerge, and M. E. Foley. 1999. A 
genetic model and molecular markers for wild oat (Avena fatua L.) seed dormancy. 
Theor. Appl. Genet. 99:711-718. 
Finkelstein, R. R., M. L. Wang, T. J. Lynch, S. Rao, and H. M. Goodman. 1998. The 
Arabidopsis abscisic acid response locus ABI4 encodes an APETALA2 domain 
protein. Plant Cell 10:1043-1054. 
Flintham, J. E. 2000. Different genetic components control coat-imposed and embryo-
imposed dormancy in wheat. Seed Sci. Res. 10:43-50. 
16 
Foes, M. J., L. Liu, P. J. Tranel, L. M. Wax, and E. W. Stoller. 1998. A biotype of common 
waterhemp (Amaranthus rudis) resistant to triazine and ALS herbicides. Weed Sci. 
46:514-520. 
Foley, M. E. 2001. Seed dormancy: an update on terminology, physiological genetics, and 
quantitative trait loci regulating germinability. Weed Sci. 49:305-317. 
Footitt, S., S. P. Slocombe, V. Lamer, S. Kurup, Y. Wu, T. Larson, I. Graham, A. Baker, and 
M. Holdsworth. 2002. Control of germination and lipid mobilization by COMATOSE, 
the Arabidopsis homologue of human ALDP. EMBO J. 21:2912-2922. 
Forcella, F., R. L. Benech-Arnold, R. Sanchez, and C. M. Ghersa. 2000. Modeling seedling 
emergence. Field Crops Res. 67:123-139. 
Gallagher, R. S. and J. Cardina. 1998a. Phytochrome-mediated Amaranthus germination I: 
effect of seed burial and germination temperature. Weed Sci. 46:48-52. 
Gallagher, R. S. and J. Cardina. 1998b. Phytochrome-mediated Amaranthus germination II: 
development of very low fluence sensitivity. Weed Sci. 46:53-58. 
Gallardo, K., C. Job, S. P. C. Groot, M. Puype, H. Demol, J. Vandekerckhove, and D. Job. 
2002. Proteomics of Arabidopsis seed germination. A comparative study of wild-type 
and gibberellin-deficient seeds. Plant Physiol. 129:823-837. 
Gonzalez-Garcia, M P., D. Rodriguez, C. Nicolas, P. L. Rodriguez, G. Nicolas, and O. 
Lorenzo. 2003. Negative regulation of abscisic acid signaling by the Fagus sylvatica 
FsPP2Cl plays a role in seed dormancy regulation and promotion of seed 
germination. Plant Physiol. 133:135-144. 
Ghassemian, M., E. Nambara, S. Cutler, H. Kawaide, Y. Kamiya, and P. McCourt. 2000. 
Regulation of abscisic acid signaling by the ethylene response pathway in 
Arabidopsis. Plant Cell 12:1117-1126. 
Gosti, F., N. Beaudoin, C. Serizet, A. A. R. Webb, N. Vartanian, and J. Giraudat. 1999. ABIl 
protein phosphatase 2C is a negative regulator of abscisic acid signaling. Plant Cell 
11:1897-1909. 
Grundy, A. C. 2003. Predicting weed emergence: a review of approaches and future 
challenges. Weed Res. 43:1-11. 
Gubler, F., R. Kalla, J. K. Roberts, J. V. Jacobsen. 1995. Gibberellin-regulated expression of 
a Myb gene in barley aleurone cells - evidence for Myb transactivation of a high-pi 
alpha-amylase gene. Plant Cell 7:1879-1891. 
Han, F., S. E. Ullrich, J. A. Clancy, V. Jitkov, A. Kilian, and I. Romagosa. 1996. Verification 
of barley seed dormancy loci via linked molecular markers. Theor. Appl. Genet. 
92:87-91. 
Han, F., S. E. Ullrich, J. A. Clancy, and I. Romagosa. 1999. Inheritance and fine mapping of 
a major barley seed dormancy QTL. Plant Sci. 143:113-118. 
Hartzler, R. G., D. D. Bulher, and D. E. Stoltenberg. 1999. Emergence characteristics of four 
annual weed species. Weed Sci. 47:578-584. 
Hinz, J. R. R. and M. D. K. Owen. 1997. Acetolactate synthase resistance in a common 
waterhemp (Amaranthus rudis) population. Weed Technol. 11:13-18. 
Horak, M. J. and D. E. Peterson. 1995. Biotypes of palmer amaranth {Amaranthus palmeri) 
and common waterhemp (Amaranthus rudis) are resistant to imazetaphyr and 
thifensulfuron. Weed Technol. 9:192-195. 
18 
Jana, S., M. K. Upadhyaya, and S. N. Acharya. 1988. Genetic basis of dormancy and 
differential response to sodium azide in Avena fatua seeds. Can. J. Bot. 66:635-641. 
Jarvis. S. B., M. A. Taylor, J. Bianco, F. Corbineau, and H. V. Davies. 1997. Dormancy-
breakage in seeds of Douglas fir (Pseudotsuga menzieesii (Mirb.) Franco), support for 
the hypothesis that LEA gene expression is essential for this process. J. Plant Physiol. 
151:457-464. 
Karssen, C. M., S. Zagorski, J. Kepczynski., and S. P. C. Groot. 1989. Key role for 
endogenous gibberellins in the control of seed germination. Ann. Bot. 63:71-80. 
Kepcsynski, J., F. Corbineau, and D. Come. 1996. Responsiveness of Amaranthus retroflexus 
seeds to ethephon, 1 -aminocyclopropane 1-carboxylic acid and gibberellic acid in 
relation to temperature and dormancy. Plant Growth Regul. 20:259-265. 
Rnapp, A. 2000. An overview of seed dormancy in native warm-season grasses. In: Native 
Warm-Season Grasses: Research Trends and Issues. CSSA. p. 107-123. 
Koornneef, M., L. Bentsink, and H. Hilhorst. 2002. Seed dormancy and germination. Curr. 
Opin. Plant Biol. 5:33-36. 
Kruk, B. C. and R. L. Benech-Arnold. 2000. Evaluation of dormancy and germination 
responses to temperature in Carduus acanthoides and Anagallis arvensis using a 
screening system, and relationship with field-observed emergence patterns. Seed Sci. 
Res. 10:77-88. 
Larson, S., G. Bryan, W. Dyer, and T. Blake. 1996. Evaluating gene effects of a major barley 
seed dormancy QTL in reciprocal backcross populations. J. Quant. Trait Loci 2:4. 
Leon, R. G. and M. D. K. Owen. 2004. Artificial and natural seed banks differ in seedling 
emergence patterns. Weed Sci. 52:531-537. 
19 
Leon, R. G. and M. D. K. Owen. 2003. Regulation of weed seed dormancy through light and 
temperature interactions. Weed Sci. 51:752-758. 
Li, B. and M. E. Foley. 1997. Genetic and molecular control of seed dormancy. Trends Plant 
Sci. 2:384-389. 
Lorenzo, O., D. Rodriguez, G. Nicolas, P. L. Rodriguez, and C. Nicolas. 2001. A new protein 
phosphatase 2C (FsPP2Cl) induced by abscisic acid is specifically expressed in 
dormant beechnut seeds. Plant Physiol. 125:1949-1956. 
Lovell, S. T., L. M. Wax, M. J. Horak, and D. E. Peterson. 1996. Imidazolinone and 
sulfonylurea resistance in a biotype of common waterhemp (Amaranthus rudis). 
Weed Sci. 44:789-794. 
Mantilla, A. J. 2000. Ethylene in seed formation and germination. Seed Sci. Res. 10:111-126. 
Mayo, C. M., M. J. Horak, D. E. Peterson, and J. E. Boyer. 1995. Differential control of four 
Amaranthus species by six postemergence herbicides in soybean (Glycine max). 
Weed Technol. 9:141-147. 
Mena, M., F. J. Cejudo, I. Isabel-Lamoneda, and P. Carbonero. 2002. A role for the DOF 
transcription factor BPFP in the regulation of gibberellin-responsive genes in barley 
aleurone. Plant Physiol. 130:111-119. 
Niu, X., T. Helentjaris, and N. J. Bate. 2002. Maize ABI4 binds Coupling Element 1 in 
abscisic acid and sugar response genes. Plant Cell 14:2565-2575. 
Owen, M. D. K. 2000. Current use of transgenic herbicide-resistant soybean and corn in the 
USA. Crop Prot. 19:765-771. 
Papi, M., S. Sabatini, D. Bouchez, C. Camilleri, P. Costantino, and P. Vittorioso. 2000. 
Identification and disruption of an Arabidopsis zinc finger gene controlling seed 
germination. Genes Develop. 14:28-33. 
Paterson, A. H., and M. E. Sorrells. 1990. Inheritance of grain dormancy in white-kernelled 
wheat. Crop Sci. 30:25-30. 
Pratt, D. B. and L. D. Clark. 2001. Amaranthus rudis and A. tuberculatus-one species or two? 
J. Torrey Bot. Soc. 128:282-296. 
Pritchard, S. L., W. L. Charlton, A. Baker, and I. A. Graham. 2002. Germination and storage 
reserve mobilization are regulated independently in Arabidopsis. Plant J. 31:639-648. 
Ren, C. and A. R. Kermode. 2000. An increase in pectin methyl esterase activity 
accompanies dormancy breakage and germination of yellow cedar seeds. Plant 
Physiol. 124:231-242. 
Ritchie, S. and S. Gilroy. 1998. Gibberellins: regulating genes and germination. New Phytol. 
140:363-383. 
Rodriguez, P. L., G. Benning, and E. Grill. 1998. ABI2, a second protein phophatase 2C 
involved in abscisic acid signal transduction in Arabidopsis. FEB S Lett. 421:185-190. 
Rohde, A., R. De Ryck, T. Beeckman, G. Engler, M. van Montagu, and W. Boeijan. 2000. 
ABI3 affects plastid differentiation in dark-grown Arabidopsis seedlings. Plant Cell 
12:35-52. 
Rohde, A., M. van Montagu, and W. Boeijan. 1996. Molecular approaches to study bud 
dormancy in Populus. In: Somatic cell genetics and molecular genetics of trees. 
Ahuja, M.R., Bourjan, W., and Neale, D.B. (eds.). Kluwer Academic Publishers. Pp. 
183-188. 
Russell, L., V. Lamer, S. Kurup, S. Bougourd, and M. Holdsworth. 2000. The Arabidopsis 
COMATOSE locus regulates germination potential. Development 127:3759-3767. 
Saini, H. S., E. D. Consolacion, P. K. Bassi, and M. S. Spencer. 1989. Control processes in 
the induction and relief of thermoinhibition of lettuce seed germination. Actions of 
phytochrome and endogenous ethylene. Plant Physiol. 90:311-315. 
Shoup, D. E., K. Al-Khatib, and D. E. Peterson. 2003. Common waterhemp (Amaranthus 
rudis) resistance to protoporphyria gen oxidase-inhibiting herbicides. Weed Sci. 
51:145-150. 
Silvertown, J. W. and D. Charlesworth. 2001. Introduction to plant population biology. 
Fourth edition. Blackwell Science Ames, LA USA. 347 p. 
Simpson, G. M. 1990. Seed dormancy in grasses. New York; Cambridge University Press. 
297 p. 
Smeda, R. J. and C. L. Schuster. 2002. Differential sensitivity to glyphosate among biotypes 
of common waterhemp (Amaranthus rudis Sauer.). In : Thirteenth Australian Weeds 
Conference, Papers and Proceedings. Jacob, H.S., Dodd, J., and Moore, J.H. (eds.) p. 
642. 
Sprague, C. L., E. W. Stoller, L. M. Wax, and M. J. Horak. 1997. Palmer amaranth 
(Amaranthus palmeri) and common waterhemp (.Amaranthus rudis) resistance to 
selected ALS-inhibiting herbicides. Weed Sci. 45:192-197. 
Steber, C. M., S. E. Cooney, and P. McCourt. 1998. Isolation of the GA-response mutant slyl 
as a suppressor of ABI1-1 m Arabidopsis thaliana. Genetics 149:509-521. 
Steber, C. M. and P. McCourt. 2001. A role for brassinosteroids in germination in 
Arabidopsis. Plant Physiol. 125:763-769. 
22 
Sutherland, S. 2004. What makes a weed a weed: life history traits of native and exotic plants 
in the USA. Oecologia 141:24-39. 
Thompson, K., R. M. Ceriani, J. P. Parker, and R. M. Bekker. 2003. Are seed dormancy and 
persistence in soil related? Seed Sci. Res. 13:97-100. 
Toyomasu, T., H. Kawaide, W. Mitsuhashi, Y. Inoue, and Y. Kamiya. 1998. Phytochrome 
regulates gibberellin biosynthesis during germination of photoblastic lettuce seeds. 
Plant Physiol. 118:1517-1523. 
Vieira, H. D. and R. S. Barros. 1994. Responses of seed of Stylosanthes humilis to 
germination regulators. Physiol. Plant. 92:17-20. 
Villiers, T. A. 1972. Seed dormancy. In: T. T. Kozlowski (ed.) Seed Biology: Germination 
control, metabolism, and pathology. Academic Press, New York. 
Vleeshouwers, L. M., H. J. Boumeester, and C. M. Karssen. 1995. Redefining seed 
dormancy: an attempt to integrate physiology and ecology. J Ecol 83:1031-1037. 
Vleeshouwers, L. M. and M. J. Kropff. 2000. Modeling field emergence patterns in arable 
weeds. New Phytol. 148:445-457. 
Wan, J., T. Nakazaki, K. Kawaura, and H. Ikehashi. 1997. Identification of marker loci for 
seed dormancy in rice (Oryza sativa L.). Crop Sci. 37:1759-1763. 
Wehmeyer, N., L. D. Hernandez, R. R. Finkelstein, and E. Vierling. 1996. Synthesis of small 
heat-shock proteins is part of the developmental program of late seed maturation. 
Plant Physiol. 112:747-757. 
White, C. N., W. M. Proebsting, P. Hedden, and C. J. Rivin. 2000. Gibberellins and seed 
development in maize. I. Evidence that gibberellin/abscisic acid balance governs 
germination versus maturation pathways. Plant Physiol. 122:1081-1088. 
White, C. N. and C. J. Rivin. 2000. Gibberellins and seed development in maize. II. 
Gibberellin synthesis inhibition enhances abscisic acid signaling in cultured embryos. 
Plant Physiol. 122:1089-1097. 
Wood, C. B., H. W. Pritchard, and D. Amritphale. 2000. Dessication-induced dormancy in 
papaya (Carica papaya L.) seeds is alleviated by heat shock. Seed Sci. Res. 10:135-
145. 
Yamaguchi, S., M. W. Smith, R. G. S. Brown, Y. Kamiya, and T. Sun. 1998. Phytochrome 
regulation and differential expression of gibberellin 3^-hydroxylase genes in 
germinating Arabidopsis seeds. Plant Cell 10:2115-2126. 
Zelaya, I. A. and M. D. K. Owen. 2000. Differential response of common waterhemp 
(Amaranthus rudis Sauer.) to glyphosate in Iowa. North Central Weed Sci. Soc. 
Proceed. 55, 68. 
Zentella, R., D. Yamauchi, and T. H. D. Ho. 2002. Molecular dissection of the 
gibberellin/abscisic acid signaling pathways by transiently expressed RNA 
interference in barley aleurone cells. Plant Cell 14:2289-2301. 
24 
CHAPTER 2 
SEPARATING SEED DORMANCY FROM GERMINATION IN 
AMARANTHUS TUBERCULATUS SEEDS. TEMPERATURE AND 
HORMONE REGULATION, TWO DIFFERENT STORIES 
A paper to be submitted to Plant Cell and Environment 
Ramon G. Leon, Diane C. Bassham and Micheal D. K. Owen 
Abstract 
The transition from seed dormancy to germination is a multi-step process. However, it has 
been difficult to distinguish between physiological processes involved in seed dormancy 
alleviation and those involved in germination. We chose to study the dormancy alleviation 
process in Amaranthus tuberculatus seeds because in this species, dormancy alleviation can 
be separated from germination. Using three A. tuberculatus biotypes that differ in dormancy 
level, it was determined that stratification reduced seed dormancy from a deep to a non-deep 
level. The dormancy of non-deeply dormant seeds was alleviated by temperature alternation, 
which triggered germination. Abscisic acid (ABA) and gibberellic acid (GA) had no effect on 
deeply dormant seeds. However, ABA and paclobutrazol (PCB; a GA biosynthesis inhibitor) 
significantly reduced germination of non-deeply dormant seeds. Hormones could not replace 
the effects of stratification or temperature alternation on dormancy alleviation. In addition, 
endogenous hormone levels did not correlate with dormancy level. Based on our results, we 
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propose a seed dormancy-germination transition model in which the dormancy of A. 
tuberculatus seeds is progressively reduced from a deep to a non-deep level, but 
environmental conditions (i.e. stratification) can accelerate the dormancy alleviation process. 
In the non-deep dormancy level, the seed is more sensitive to environmental cues that are 
responsible for removing dormancy and triggering germination (i.e. temperature alternation). 
Finally, ABA and GA regulation occurs primarily during the final transition from non-deep 
dormancy to germination rather than the alleviation of deep dormancy. 
Keyword index: alternation, chilling, dormancy, germination, seed, stratification, 
temperature. 
INTRODUCTION 
Seed dormancy has been studied for many years due to its importance both as an adaptive 
trait for weeds and invasive species, and also for crop domestication. In the case of wild 
species, seed dormancy helps ensure the continuance of a species in the seed bank. In 
addition, seed dormancy influences the time and extent of seedling emergence (Allen & 
Meyer 1998; Baskin & Baskin 1998). In the case of crop domestication, seed dormancy has 
been considered an undesirable trait because it contributes to low and inconsistent 
germination of seed lots. However, in the case of cereals, the complete removal of seed 
dormancy is associated with other problems such as vivipary (Kawakami, Kawabata & Noda 
1992; Gu, Chen & Foley 2003). Viviparous seeds germinate while still on the mother plant 
(White et al. 2000; Foley 2001; Gu et al. 2003). Thus, for these crops, it is desirable to have a 
level of dormancy that prevents the seed from germinating before it is harvested, dried and 
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stored. Therefore, there has been great interest in identifying the physiological factors 
responsible for seed dormancy regulation in grains (Kawakami et al. 1992; Gu et al. 2003). 
The study of seed dormancy has been somewhat troublesome because of the way 
dormancy has been defined. Most definitions converge to the concept that a dormant seed is 
one that is viable and still does not germinate even when it is provided with favorable 
conditions for germination (Villiers 1972; Simpson 1990; Bewley 1997; Knapp 2000; Foley 
2001). Because seed dormancy is usually studied through germination experiments, such 
experiments look at negative germination responses, which are not necessarily produced by 
dormancy. In addition, there are no trustworthy physiological or molecular markers that 
indicate the dormancy level of the seed (Foley 2001). Part of the reason for the lack of this 
type of molecular indicator is that when a gene, protein or metabolite is found to be 
associated with the seed dormancy-germination transition, the question "Is it involved in 
dormancy or germination?" cannot be answered convincingly (Bewley 1997). Another factor 
that contributes to this uncertainty is that most researchers have used species and 
experimental systems that do not make temporal distinctions between seed dormancy and 
germination. This problem can be solved using experiments with two steps, 1) a treatment 
that reduces dormancy without inducing germination followed by, 2) a germination induction 
treatment that requires the previous step to be effective. This approach has been used 
successfully for mathematically describing changes in seed dormancy (Batlla & Benech-
Arnold 2003), but to the extent of our knowledge, it has not been implemented in genetic and 
biochemical seed dormancy studies. 
Hormone regulation has been proposed as the major physiological regulatory 
mechanism to explain the seed dormancy-germination transition (Ritchie & Gilroy 1998; 
Gosti et al. 1999; Rohde et al. 2000; Koornneef, Bentsink & Hilhorst 2002). It is well 
established that abscisic acid (ABA) is important for seed dormancy induction during seed 
development and that it prevents germination of non-dormant seeds in many species (Bewley 
1997; Frey et al. 1999; Corbineau et al. 2002; Suzuki et al. 2003). For this reason, ABA has 
been considered an intrinsic component of seed dormancy regulation. Conversely, 
gibberellins (GA) have been shown to be required for germination. Therefore, seeds provided 
with GA biosynthesis inhibitors or from GA deficient mutants show reduced germination 
compared with seeds showing normal levels of this hormone (Bewley 1997). Likewise, in 
species such as Arabidopsis, the application of GA to seed lots with low germination 
increases germination dramatically, which has been interpreted by many researchers as a 
seed dormancy breaking effect (Baskin & Baskin 1998; Steber, Cooney & McCourt 1998). 
Studies conducted in the last decade have suggested that GA is most likely involved in 
coordinating metabolic processes that occur once germination has been initiated and not 
directly in breaking dormancy (Derkx & Karssen 1993; Bewley 1997; Debeaujon & 
Koornneef 2000; Gallardo et al. 2002; Ogaya et al. 2003). 
In the case of ABA, it is still unknown if this hormone is responsible for maintaining 
dormancy, in addition to inducing it, and unfortunately the literature regarding this issue is 
contradictory (Foley 2001). It is also believed that ABA and GA have some antagonistic 
effects in which the balance between hormones will determine germination (Steinbach, 
Benech-Arnold & Sanchez 1997; Steber et al. 1998; White & Rivin 2000; White et al. 2000), 
but this hypothesis has proved not to be true for many species (Bewley & Black 1994; Baskin 
& Baskin 1998). Regardless of the controversy about the importance of hormone regulation 
of the seed dormancy-germination transition, most of the research conducted does not allow 
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clear association of the effect of one specific hormone with either seed dormancy or 
germination. 
Temperature is one of the most important environmental cues for seed dormancy 
regulation (Baskin & Baskin 1998). Stratifying seeds is an effective way of alleviating 
dormancy in many species, especially those from temperate regions (Baskin & Baskin 1998, 
2004; Batlla & Benech-Arnold 2004). Also, temperature fluctuation reduces the dormancy 
level of many species (Thompson, Grime & Mason 1977; Benech-Amold et al. 1988,1990a, 
b; Baskin & Baskin 1998, 2004; Batlla & Benech-Amold 2003). Some species require 
stratification followed by temperature fluctuation to alleviate dormancy. Amaranthus 
tuberculatus (Moq.) J.D. Sauer seeds usually have a deep dormancy level, which is reduced 
proportionally to the duration of the stratification treatment (Leon, Bassham & Owen 
unpublished). Also, germination of stratified A. tuberculatus seeds is dramatically enhanced 
by temperature fluctuation (Leon & Owen 2003; Leon, Knapp & Owen 2004). How 
temperature specifically affects seed dormancy is not known. However, changes in ABA and 
GA levels and the sensitivity to these hormones have been associated with physiological 
responses that occur after stratification or temperature fluctuation and result in germination 
(Derkx & Karssen 1993; Derkx, Vermeer & Karssen 1994; Corbineau et al. 2002; Benech-
Amold et al. 2003; Yamauchi et al. 2004). 
The present work is an effort to answer three basic questions; 1) are seed dormancy 
and germination independent physiological processes?, 2) is ABA and GA regulation equally 
important in seed dormancy and germination?, and 3) is temperature-dependent alleviation of 
seed dormancy a hormone mediated process? In order to answer these questions, and to 
overcome the technical problems in previous studies, the change in dormancy level of A. 
tuberculatus seeds in response to stratification, temperature alternation, and hormone 
concentration was studied. 
MATERIALS AND METHODS 
Plant materials 
Seeds of A. tuberculatus were collected from wild populations in two Iowa locations (Ames 
and Everly biotypes) and one Ohio location (Ohio biotype), USA. The seeds were stratified 
for 16 weeks at 4°C under wet conditions in the dark, and then germinated. The resulting 
plants were maintained in growth chambers at 25 °C and 16 h photoperiod in order to produce 
seed from a single source for the experiments. The three biotypes were grown in different 
chambers to prevent cross-pollination. Seeds were harvested manually and dried at room 
temperature (RT) for 3 weeks until reaching 5% moisture content. After drying, the seeds 
were cleaned with an air column-seed cleaner to remove plant residues and non-viable seeds. 
Cleaned seeds were stored at 4°C and 40% relative humidity (RH) in the dark until used. 
Stratification conditions 
Groups of 50 seeds were stratified in 9 cm petri dishes with a blotter paper and 7.5 ml of 
deionized water or a hormone solution. The dishes were sealed with parafilm to maintain a 
high RH environment inside the dish and kept in the dark at 4°C for 3 weeks. After the 
stratification period, the seeds were rinsed with deionized water, placed on a N° 1 filter paper 
and dried at RT for 1 h before conducting the germination bioassay. 
Dry GA (gibberellin 3), PCB, ABA, and furidone (FLU; an ABA biosynthesis 
inhibitor) were dissolved in methanol (MeOH). The solutions were then diluted in deionized 
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water to 1, 10, 100, and 500 ^M ABA, GA and FLU, or to 1, 10, 50, and 100 pM PCB. The 
water control treatment had the same 0.1% MeOH as the other solutions. Preliminary 
experiments showed no effect of this concentration of MeOH on seed germination. 
Germination bioassays 
In order to test for germination, fifty seeds were placed in a petri dish with a blotter paper 
and 7.5 ml of water or a hormone solution as described above, the dish was sealed with 
parafilm, placed inside a germination cabinet under continuous white light (200 pJE s"1 m"2) 
and subjected to two different temperature regimes. The first temperature regime was 
constant 28°C, and the second regime was alternating temperatures of 31.3°C for 16 h and 
21.5°C for 8 h. The average hourly temperature, based on a 24 h cycle, was 28°C for both 
temperature regimes. The germination bioassays were conducted for 14 days and germination 
was recorded every day. A seed was considered germinated when radicle protrusion was 
observed. At the end of the experiment, non-germinated seeds were air-dried and subjected to 
a seed crush test to determine viability (Sawma & Mohler 2002). We determined a high 
correlation coefficient (r2 >0.81) between the crush test and the tetrazolium (TZ) test (Moore 
1985). We did not find significant differences in seed viability among any of the treatments 
CP > 0.3). 
ABA and GA extraction and quantification 
Hormone extraction was conducted with acetonitrile using 50 mg of dry seeds. The 
extraction and quantification procedures were conducted as described by Schwachtje & 
Baldwin (2004) with some modifications. Our original samples were smaller than the 
samples used by Schwachtje & Baldwin (2004), thus smaller volumes were used during the 
extraction process to maintain the dilution specified by them. The native levels of ABA, 
GAi, GA3, G A4 and GA? were quantified using gas chromatography (GC) followed by mass 
spectrometry (MS) and single ion monitoring (SIM). Each sample was supplied with 10 ^1 of 
a solution containing 50 ng of deuterated internal standards of 17,17-02 GA,, G A3, G A4 and 
GA? (kindly provided by Dr. Lewis Mander, The Australian National University, Acton ACT 
0200, Australia), and D4 ABA (kindly provided by Dr. Sue Abrams, Plant Biotechnology 
Institute, National Research Council Canada, Saskatoon, SK, S7N 0W9, Canada). The 
quantification of the native hormones was done by matching their retention times with those 
of the deuterated standards, and integrating peaks of specific ion masses to determine the 
abundance of the ions of interest. In the case of the native GA, and GA3, SIM was conducted 
at m/z 506 and 504, and for the standards, at m/z 508 and 506, respectively. G A4 SIM 
detection was done at m/z 418, 380 and 386 for the native form, and at m/z 420, 382 and 388 
for the standard. Similarly, GA? SIM detection was performed at m/z 416, 384 and 356 for 
the native form, and at m/z 418, 386 and 358 for the standard. 
Experimental design and data analysis 
Germination experiments were conducted as a completely randomized design with four 
replications and were conducted at least twice (experiment repetitions). There were no 
significant differences between experiment repetitions, therefore data were combined for the 
statistical analysis. In the case of the native hormone quantification, each hormone extraction 
and quantification from independent stratification samples were considered a replication and 
conducted at least three times. 
Germination percentages were calculated for each germination bioassay, and these 
data were used to conduct Analysis of Variance (ANOVA) using the General Linear Model 
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of SAS (PROC GLM, SAS, Version 8.0, Cary, North Carolina, USA). For the hormone 
quantification experiments, each extraction was analyzed as a block, and ANOVA was 
conducted on natural log transformed data to improve the normal distribution of the data. In 
addition, Tukey's studentized range and 95% Bonferroni's confidence intervals were used to 
determine differences between treatments (a=0.05). 
RESULTS 
Basal germination levels 
In many summer annuals such as A. tuberculatus, low temperatures alleviate seed dormancy 
by unknown mechanisms (Baskin & Baskin 1998). In this study, we included seeds from 
three biotypes of A. tuberculatus considered dormant because they showed no germination 
when incubated under constant temperatures regardless of stratification (Table 1). However, 
when non-stratified seeds were germinated under alternating temperatures, the three biotypes 
showed different germination percentages (Table 1). The germination of the Ames biotype 
was near zero, Everly germination was around 25%, and Ohio germination was almost 90%, 
clearly demonstrating different dormancy levels. We considered that seeds that germinated 
without stratification had a relative low dormancy level. However, the seeds of the three 
biotypes were indeed dormant because they did not germinate without temperature 
alternation. After stratification, only the Ames seeds showed reduced dormancy, and their 
germination increased dramatically (Table 1). These A. tuberculatus biotypes therefore 
provided a system where dormancy alleviation can be temporally separated from 
germination, and thus overcome some of the technical limitations of previous studies. 
Accordingly, we decided to use these three biotypes to determine how seed dormancy 
alleviation is physiologically regulated by temperature (e.g. stratification and alternating 
temperatures) and by ABA and GA. 
Dormancy alleviation: stratification vs. hormones 
The levels of gibberellin bioactive forms increase and ABA levels decrease after 
stratification, and these changes have been associated with seed dormancy alleviation and 
germination induction in several species (Bewley 1997; Foley 2001; Corbineau et al. 2002; 
Yamauchi et al. 2004). The effect of the presence of ABA, GA or their biosynthesis 
inhibitors during the stratification period on seed dormancy alleviation was evaluated. We 
hypothesized that the dormancy alleviation promoted by seed stratification was due to 
increases in GA and/or decreases in ABA. Therefore, providing seeds with GA or with FLU 
would increase the germination of the three biotypes, especially Ames, the most dormant 
biotype, and the one most responsive to stratification. Also, we proposed that ABA or PCB 
would counteract the stratification effect on seed dormancy and at least, the germination of 
Ames seed should decrease dramatically. None of the three biotypes studied showed any 
dramatic change in germination due to the presence of the hormones or the inhibitors during 
the stratification period (Fig. 1). Ohio, the least dormant biotype, showed only a small 
reduction in germination in response to PCB. A similar trend was observed for Everly seeds. 
These results suggest that the presence of bioactive GA and ABA is not particularly 
important for the dormancy alleviation effect of stratification, and that these hormones might 
play a more important role during the germination process itself. 
In order to test the hypothesis that hormones play a crucial role during germination, 
non-stratified seeds were exposed to different hormone and inhibitor concentrations during 
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the germination period. Ames seeds showed no change in germination percentage (Fig. 2). 
The addition of FLU or GA did not alleviate the dormancy of this biotype, conversely to 
what has been observed in other species (Baskin & Baskin 1998, 2004; Bewley & Black 
1994). Similar results were obtained for Everly and Ohio seeds. However, these biotypes 
showed dramatic decreases in germination as the concentrations of ABA or PCB increased. 
The reduction in germination due to ABA or PCB was greater when these compounds were 
present during germination conditions compared with stratification conditions. These results 
support the idea that stratification reduces seed dormancy through a hormone independent 
process, and that hormone regulation is a key component of germination. 
Temperature Alternation: a germination trigger 
Temperature alternation was required for germination (Table 1), and the presence and 
absence of bioactive GA and ABA, respectively, was required for germination completion 
(Fig. 1 & 2). Thus, we determined whether the seed dormancy alleviation and/or germination 
induction promoted by temperature alternation was a hormone-regulated process. For this 
purpose, stratified seeds were germinated in solutions containing ABA, GA or their 
biosynthesis inhibitors under constant and alternating temperature regimes. The highest 
concentrations of hormones or inhibitors included in the previous experiments were used. It 
was expected that if temperature alternation was triggering germination via a hormone-
mediated pathway, supplementing seeds with GA or FLU would promote germination in the 
absence of temperature alternation. It was clear that when stratified seeds were maintained 
under constant temperatures, there was little germination in any of the three biotypes, and 
that none of the chemicals alleviated seed dormancy (Fig. 3). Conversely, when the seeds 
were exposed to alternating temperatures, germination was promoted, and ABA and PCB 
reduced germination significantly, but not completely. On the other hand, neither GA nor 
FLU alone increased germination compared to the H2O control. Supplying GA to PCB 
treated seeds increased germination in the three biotypes, demonstrating that GA was being 
absorbed by the seed. Therefore, the lack of seed dormancy alleviation caused by GA 
observed in the previous experiments was not due to limited absorption of the hormone. 
The results suggested that temperature alternation was not promoting germination 
through a hormone-regulated process. However, the possibility remained that temperature 
alternation reduced ABA, and at the same time, increased GA. Thus, we hypothesized that by 
simultaneously providing seeds with GA and FLU in the absence of temperature alternation, 
the effect of these compounds would be synergistic and germination should increase 
dramatically. This hypothesis was tested, but no effect was observed (Table 2). The 
germination in all biotypes was low, and none of the treatments differed from the H20 
control (P>0.05). Thus, it is likely that temperature alternation does not alleviate seed 
dormancy and trigger germination by simply affecting ABA and GA levels. 
Quantification of endogenous ABA and GA 
Endogenous ABA and the bioactive gibberellins GAi, G A3, GA4 and GA? were quantified in 
order to determine if seed dormancy alleviation caused by stratification and temperature 
alternation were related to changes in the hormone levels. The levels of these hormones were 
measured after incubation under 5 conditions: dry seeds, seeds imbibed in H2O at 25°C for 
24 h, seeds stratified at 4°C in wet conditions for three weeks, stratified seeds kept at 28°C 
for 48 h, and stratified seeds kept at alternating temperatures (31.3°C for 16 h and 21.5°C for 
8 h) for 48 h. In the case of the stratified seeds that were kept at constant and alternating 
temperatures, germinated seeds were removed prior to hormone extraction because after 
germination, seedling growth might promote changes in ABA and GA (Finkelstein, Gampala 
& Rock 2002). Also, we chose to extract the hormones after 48 h of exposure to germination 
conditions because in general, this timing coincided with the onset of the exponential growth 
of the germination curves (Fig. 1 & 2). G A4 or GA? were not detected in any of the biotypes. 
ABA, GAi and GA; could be detected, but no significant differences were observed across 
biotypes (Table 3). Also, there was no difference in ABA and GA3 between treatments. The 
only difference found was that GA, showed a 2 to 8 fold increase in all biotypes after 
stratification, compared to dry seeds. It is unlikely that this increase in GA, was responsible 
for the seed dormancy alleviation effect of stratification observed in the Ames biotype 
because this effect was not observed for the other biotypes. In addition, temperature change 
did not affect GA, levels, so the dramatic increase in germination due to temperature 
alternation could not be explained by GA, concentration. Derkx et al. (1994) observed 
increases in G A4 levels in stratified seeds, but there was no clear connection between 
hormone level and germination response. Hormones level variability increased after 
imbibition, especially in the case of gibberellins. This was more evident when comparing 
biotypes. Thus, Ohio, which is the least dormant biotype, showed greater variability than the 
other two biotypes. Also, Ames seeds, that were responsive to stratification, showed more 
variability than Everly seeds that did not respond to this treatment. This increase in hormone 
level variability could be due to seeds that were not deeply dormant and became more 
metabolically active. 
In the previous experiments we did not observe increased germination in response to 
FLU, so it was possible that this compound was not being taken up by the seed, and that 
ABA levels were still high enough to prevent germination. However, as the GC-MS analysis 
showed, ABA levels did not change in response to stratification or temperature fluctuation. 
Therefore, changes in seed dormancy cannot be explained by ABA levels, and this 
observation is consistent with the results obtained for experiments including FLU treatments. 
Overall, the hormone levels of stratified seeds did not differ from those of non-
stratified seeds (Table 3). Similarly, no differences in hormone levels were observed when 
comparing stratified seeds exposed to either constant or alternating temperatures. These 
results confirmed our conclusions that seed dormancy alleviation in response to stratification 
and to temperature alternation are physiological processes that do not require changes in the 
levels of the bioactive forms of ABA and GA. 
DISCUSSION 
One of the most important aspects responsible for the confusion surrounding seed dormancy 
studies is the lack of a common terminology to define what a dormant seed is and what level 
of dormancy this seed has. Baskin & Baskin (2004) tried to overcome this problem by 
proposing a modification of the Nikolaeva's seed dormancy classification system (Nikolaeva 
1969) that is based on factors such as germination response to GA, stratification 
requirements, differences in seed dormancy regulation based on seed coat impermeability, 
and other morphological seed characteristics. One of the distinctions that Baskin & Baskin 
(2004) made in their system is the difference between non-deep dormancy and deep-
dormancy within seeds that show physiological dormancy (PD). The more obvious 
differences between seeds showing non-deep PD and deep PD are the way they respond to 
GA, stratification and after-ripening. Seeds with non-deep PD germinate in response to GA, 
require very short periods of stratification (a few days) for completely alleviating dormancy, 
and after-ripen in dry conditions. Conversely, seeds with deep PD do not germinate in 
response to GA, require long periods of stratification (several months) to completely alleviate 
dormancy, and rarely undergo after-ripening in dry storage conditions. Although Baskin & 
Baskin (2004) made the emphasis that their classification system is intended to compare 
different species, we use here the different categories of PD to compare across and within 
biotypes. Thus, we consider different PD levels as different stages in the seed dormancy-
germination transition. 
We were able to identify treatments that generated responses that could be associated 
with either seed dormancy or germination. The different biotypes had different dormancy 
levels, and these dormancy levels were detected as a differential sensitivity to temperature 
alternation. In other words, more deeply dormant seeds did not respond to temperature 
alternation and did not germinate (i.e. 100, 75 and 10% of Ames, Everly and Ohio seeds, 
respectively). Meanwhile, non-deeply dormant seeds were sensitive to temperature 
alternation and were able to overcome dormancy and trigger germination (i.e. approximately 
25 and 90% of Everly and Ohio seeds, respectively). One can arbitrarily assign two different 
seed dormancy levels based on these results and treatments, a "deep" level that does not 
completely alleviate dormancy in response to temperature alternation and a "non-deep" level 
that does. For this reason, we used temperature alternation as a germination inductive 
treatment. This inductive treatment becomes practical because it can be used to temporally 
separate seed dormancy from germination. Moreover, we could change the proportion of 
seeds that were sensitive to temperature alternation in the Ames biotype by stratifying the 
seeds, thus moving seeds from a deep to a non-deep dormancy level. 
Stratification of the seeds did not completely alleviate dormancy because all biotypes 
maintained their requirement for temperature alternation to germinate. Therefore, we 
considered the response to stratification as the product of a seed dormancy alleviating 
process that did not trigger germination. In A. tuberculatus the longer the stratification period 
the greater the reduction in seed dormancy, and this occurs to the point in which temperature 
alternation is not required for germination anymore (Leon et al. 2004). We chose to stratify 
the seeds for 3 wk because this induces changes in the sensitivity to temperature alternation 
without completely alleviating dormancy. In this way, we were able to conduct two-step 
experiments that allowed us to separate seed dormancy from germination responses. 
Using the experimental design described above, we tested whether ABA and GA 
were involved in seed dormancy alleviation from a deep to a non-deep level or in 
germination. The reduction in Ames dormancy due to stratification was not modified by 
these hormones or their biosynthesis inhibitors. Likewise, the role of temperature alternation 
as a seed dormancy breaker for the three biotypes could not be mimicked by the compounds 
tested. However, ABA and GA had a significant effect when they were present during the 
germination step of our experiments, but only in seeds that were sensitive to temperature 
alternation. Therefore, it seems plausible to suggest that the transition from a deep to a non-
deep dormant stage for the Ames biotype is a hormone-independent process, and this process 
is clearly responsive to environmental conditions such as stratification. The dormancy-
breaking effect of alternating temperatures is not related to the amount of hormone. There is 
pervasive evidence showing that although stratification can affect endogenous GA levels in 
seeds, thus improving germination (Yamaguchi et al. 1998; Yamauchi et al. 2004), it is more 
likely that this treatment increases GA sensitivity in species with non-deep PD such as as 
Arabidopsis îhaliana (L.) Heynh. (Derkx & Karssen 1993; Derkx et al. 1994; Gallardo et al. 
2002). Similarly, reductions in ABA levels due to reduced ABA biosynthesis and/or 
increased ABA catabolism, in addition to a reduction in ABA sensitivity, could be 
responsible for dormancy alleviation in response to stratification in Pseudotsuga menziesii 
(Mirb.) Franco seeds (Corbineau et al. 2002). However, the reduction in ABA occurred after 
seeds were placed in germination conditions for 7 days. Therefore, it is possible that the 
reduction in ABA levels was a consequence of the initiation of germination rather than a 
dormancy alleviation response. In our experiments to quantify hormone levels, we did not 
include seeds that showed any sign of radicle protrusion, and no change in ABA was found. 
Apparently, ABA levels and/or sensitivity are not the most limiting factors controlling the 
deep dormancy stage. 
The dramatic increase in germination in response to temperature alternation could be 
due to a heat shock effect (Wood, Pritchard & Amritphale 2000). A. tuberculatus seed 
dormancy alleviation correlates with the difference between the maximum and minimum 
daily temperatures (Leon & Owen 2003; Leon et al. 2004). The fact that in our experiments, 
the seeds of the alternating temperature treatment were exposed to higher temperatures than 
in the constant temperature treatment could influence the responsiveness to GA. Sorghum 
bicolor (L.) Moench. seeds show increased GA sensitivity in response to high temperatures 
which correlates with increases in germination (Benech-Arnold et al. 2003). In our study, this 
effect of high temperatures could not be related to seed dormancy alleviation because in none 
of the biotypes did the deeply dormant portion of the seed lot respond to GA. However, this 
type of response could affect the non-deeply dormant portion of the seed lots that responded 
to temperature alternation. It is likely that ABA and GA play an important regulatory role 
during the final steps of the seed dormancy-germination transition. Other hormones have 
been implicated in seed dormancy alleviation (Bewley 1997; Matilla 2000; Koorneef et al. 
2002), and thus, it is possible that interactions between ABA and/or GA and other hormones 
could account for the stratification and temperature alternation effects on seed dormancy 
regulation. There are several studies that have shown interactions between auxins (Vorwerk 
et al. 2001), brassinosteroids (Steber and McCourt 2001), ethylene (Kepczynski and Karssen 
1985; Kepczynski 1986a, b; Matilla 1996; Ghassemian et al. 2000), and ABA and GA during 
germination. Some studies have been conducted to evaluate the effect of auxins (Vorwerk et 
al. 2001) and ethylene (Kepczynski & Kepczynska 1997; Kepczynski, Kepczynska, & Bihun 
2003) on seed dormancy alleviation, but the species and seed lots used in those studies 
showed non-deep PD. Therefore, it is difficult to be sure that the responses were not 
germination-associated. 
Once the seed coat is weakened and radicle protrusion begins, the probability of seed 
mortality dramatically increases (Silvertown & Charlesworth 2001). Therefore, it makes 
sense that there is a series of final checkpoints to ensure that the conditions are appropriate 
for germination, and it is likely that hormones are involved in coordinating these 
checkpoints. In fact, there are many reports describing genes and metabolites affecting 
germination which are affected by both ABA and GA (Ren & Kermode 2000; Russel et al. 
2000; Schopfer, Plachy & Frahry 2001; Footitt et al. 2002). 
It has been very difficult to place the importance of ABA and GA dormancy 
regulation in a temporal fashion during the development of the seed. It is known that ABA is 
important to induce desiccation tolerance and seed dormancy, and then ABA and GA balance 
is important to determine the occurrence of germination. However, many efforts have been 
unsuccessful in relating changes in the level of those hormones to seed dormancy in the 
period of time between seed dormancy induction and germination (Bewley & Black 1994; 
Foley 2001). Our data indicate that during this period, the amount of these hormones is not 
the main factor regulating seed dormancy. At the same time, physiological changes in 
response to environmental signals that modify the dormancy level of the seed can occur 
without variations in the levels of the hormones here studied. Therefore, we propose a model 
to describe and to temporally organize the dormancy-germination transition process in 
species that show deep dormancy such as A. tuberculatus (Fig. 4). In this model, after the 
embryo has been formed, deep seed dormancy is established at a similar time as desiccation 
tolerance is promoted. Then, there is a variable period of time in which the seed dormancy 
level is slowly but progressively reduced and the seed becomes more sensitive to 
environmental signals such as stratification that trigger physiological processes that can 
accelerate the dormancy alleviation process. Later, there is a non-deep dormancy level in 
which the seed is almost in a germinable stage, but requires further environmental cues that 
ensure the conditions are appropriate to initiate the metabolic processes that prepare the seed 
for germination. Once these cues are sensed and their signals are transduced, dormancy is 
completely eliminated, but there is a final checkpoint to fine-tune germination, in which 
ABA and GA are involved. Our model differs from the one proposed by Bewley (1997), in 
that ours places the roles of ABA and GA in the non-deep PD to germination transition and 
not in the dormancy alleviating mechanisms that act when the seed is deeply dormant. In 
addition, in our model ABA is not necessarily a dormancy-maintaining agent, but rather a 
germination "brake" important to finely coordinate the developmental processes that occur 
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during germination. This role for ABA is also compatible with the observation that this 
hormone seems not to be involved in secondary dormancy (Bewley 1997). 
In the search for genes that are involved in seed dormancy regulation, there is likely 
to be a great bias in finding genes associated with germination because germination 
responses are measured (Dubreucq, Grappin & Caboche 1996). We cannot rule out the 
possibility that temperature alternation triggers processes associated with germination 
induction. However, physiological changes that occur before temperature alternation is 
applied are likely to be involved in seed dormancy regulation. Therefore, by finding 
treatments that change the dormancy level of the seed lot without inducing germination, such 
as stratification in the case of Ames, and treatments that induce germination such as 
temperature alternation, one can conduct physiological and molecular studies in which the 
involvement of genes, proteins or metabolites in either germination or seed dormancy 
regulation can be assigned with more certainty. For example, changes in mRNA or protein 
levels that occur after the stratification treatment but before the temperature alternation effect 
in Ames seeds that do not occur in Everly or Ohio seeds are likely involved in the transition 
from the deep to non-deep dormancy level. Finally, looking for mechanisms that control 
changes in seed dormancy from deep to non-deep levels that are not an intrinsic part of 
germination will help to generate a better framework for understanding seed dormancy as a 
separate and independently-regulated process from germination. 
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Table 1. Germination of three biotypes of A. tuberculatus in response to stratification and 
temperature regime during the germination bioassay. 
Temperature Regime Stratification Germination (%) 
Ames Everly Ohio 
Constant Without o±o* 0 ± 0  0 ± 0  
With o ± o  1.2 ± 1.7 1.8± 1.5 
Alternating Without 6 ± 2 25 ±7 88 ±6 
With 50 ±7 35 ±5 94 ±4 
* Average of two experiments with four replications ± SEM. 
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Table 2. Germination of stratified seeds of three biotypes of A. tuberculatus in the presence 
of fluridone (FLU) and gibberellic acid 3 (GA) under constant temperatures. 
Treatment Germination (%) 
Ames Everly Ohio 
h2o 0±0* 11 ±3 3 ± 1 
FLU 2 ± 1 8 ± 1 10 ± 4 
GA 1 ± 1 15 ±3 5 ± 1 
FLU+GA 2 ± 1 18 ± 2 12 ± 4 
* Average of two experiments with four replications ± SEM. 
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Table 3. Hormone levels of seeds of three biotypes of A tuberculatus in response to 
imbibition, stratification and temperature regime during germination conditions1. 
Biotype Treatment ABA GA, GA] 
ng g"1 dry seed 
Ames 
Everly 
Ohio 
79 ±7* 
78 ±7 
81 ±8 
123 ±11 
100 ±11 
107 ± 14 
196 ±41 
119 ±24 
232 ± 66 
Dry seeds 
Imbibition 
Stratification 
Constant Temperatures 
Alternating Temperatures 
80 ±7 
69 ±7 
66 ±11 
86 ±7 
96 ±9 
74±lla&  
117 ± 7b 
102 ±lOab 
132 ± 26b 
124±lib 
97 ±27 
166 ±37 
60 ±40 
241 ± 87 
247 ± 92 
Ames Dry seeds 
Imbibition 
Stratification 
Constant Temperatures 
Alternating Temperatures 
90 ± 16 
63 ± 11 
86 ±30 
78 ± 10 
88± 12 
98 ±22 
112 ± 11 
111 ±24 
188 ± 15 
105 ± 97 
143 ± 78 
152 ±8 
137 ±53 
320 ± 220 
226 ±51 
Everly Dry seeds 
Imbibition 
Stratification 
Constant Temperatures 
Alternating Temperatures 
73 ± 17 
63 ± 14 
65 ± 12 
104 ± 15 
88 ± 12 
61 ±20 
140 ±85 
93 ± 15 
74 ± 12 
130 ±32 
86 ± 17 
117 ± 43 
225±104 
91 ±4 
74 ± 17 
Ohio Dry seeds 
Imbibition 
Stratification 
Constant Temperatures 
Alternating Temperatures 
78 ±7 
81 ± 10 
48 ±7 
77 ±9 
122 ± 19 
63± 15 
101 ±58 
100 ± 15 
134 ±69 
136 ±12 
61 ±29 
230±107 
117 ± 44 
313 ±161 
441± 256 
ANOVA Source of Error p-value 
Biotype 
Treatment 
Biotype * Treatment 
0.97 
0.06 
0.33 
0.18 
0.01 
0.18 
0.36 
0.39 
0.74 
1 Data is shown as main biotype effect, main treatment effect, and biotype with treatment effect. Analysis of 
Variance (ANOVA) with p-value for the different sources of error is provided. 
* Average of three replications ± SEM. 
& Treatments with the same letter are not significantly different (P>0.05) based on Tukey's studentized range. 
Statistical analysis was conducted on natural log transformed data. 
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Figure 1. Germination of seeds of three biotypes of A. tuberculatus after stratification at 
4°C in the dark for 3 wk in solutions of 0 (•), 1 (O), 10 (•), 100 (V) or 500 (•) of 
abscisic acid (ABA), fluridone (FLU) or gibberellic acid 3 (GA) or 0 (•), 1 (O), 10 (•), 
50 (V) or 100 | iM (•) of paclobutrazol (PCB). During the germination bioassay the seeds 
were maintained in deionized water at 28°C with temperature alternation and in white light. 
Each point represents the average of two experiments with four replications. Error bars 
represent SEM. 
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Ames 
Days After Planting 
Figure 2. Germination of non-stratified seeds of three biotypes of A. tuberculatus in 
solutions of 0 (•), 1 (O), 10 (•), 100 (V) or 500 (•) of abscisic acid (ABA), fluridone 
(FLU) or gibberellic acid 3 (GA) or 0 (•), 1 (O), 10 (•), 50 (V)  or 100 jiM (•) of 
paclobutrazol (PCB). During the germination bioassay the seeds were maintained at 28°C 
with temperature alternation and white light. Each point represents the average of two 
experiments with four replications. Error bars represent SEM. 
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Figure 3. Final germination of stratified A. tuberculatus seeds from three different biotypes 
exposed to alternating temperatures (dark bars), constant temperature (light bars) and 
different hormone solutions. The seeds were germinated in water (H20), abscisic acid 
(ABA), fluridone (FLU), ABA and FLU (A+F), gibberelic acid 3 (GA), paclobutrazol 
(PCB), GA and PCB (G+P), or GA and ABA (G+A). Data are presented as the average of 
two experiments with four replications The error bars represent 95% Bonferroni's CI. 
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Figure 4. Seed dormancy-germination transition model for A. tuberculatus seeds. The solid 
arrows represent pathways for which conclusive evidence exists. The dashed arrows 
represent possible pathways for which there is no conclusive evidence. 
59 
CHAPTER 3 
INHERITANCE OF DEEP SEED DORMANCY AND 
STRATIFICATION-MEDIATED DORMANCY 
ALLEVIATION m AMARANTHUS TUBERCULATUS 
A paper to be submitted to Theoretical and Applied Genetics 
Ramon G. Leon, Diane C. Bassham and Micheal D. K. Owen. 
Abstract 
Amaranthus tuberculatus is a weed species that has shifted emergence patterns over the past 
few years, presumably due to changes in seed dormancy in response to selection in 
agricultural fields. Although it is recognized that the seed dormancy phenotype is greatly 
affected by the environment, it is also acknowledged that the genotype plays a significant 
role. However, the importance of the genotype in determining intra-population seed 
dormancy variability, and the effect on emergence patterns, is not well understood. The 
objectives of the present study were to determine the importance of the genotype on deep 
dormancy and the stratification-mediated dormancy alleviation in A. tuberculatus. Wild 
populations differing in seed dormancy were crossed and F2 families were generated. These 
families were used to determine narrow sense heritability of dormancy and stratification-
mediated dormancy alleviation, at the individual (h f ) and family (h 2f ) levels, h ] ranged 
from 0.09 to 0.45 and 0.04 to 0.08 for the dormancy and stratification response respectively. 
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In the case of h 2 f ,  the values ranged from 0.76 to 0.91 for deep dormancy and from 0.33 to 
0.58 for the stratification response. The genetic correlation between these two traits was 
below 0.075 indicating that they are controlled by different genes. It was observed that high 
temperature reinforced the dormancy of deeply dormant seeds, making them less sensitive to 
stratification. However, high temperature promoted the germination of non-deeply dormant 
seeds. We propose that delayed weed emergence can be generated by selecting genes that 
control stratification response and not necessarily only genes that are directly responsible for 
deep dormancy. 
Introduction 
Seed dormancy is an important adaptive trait for wild and weedy plant species (Baskin and 
Baskin 1998; Silvertown and Charlesworth 2001). This trait favors variability in the timing 
and magnitude of seedling emergence by preventing germination even when the conditions 
are favorable (Bewley 1997). Historically, dormancy has been considered a developmental 
stage during which the seed is physiologically inactive. However, evidence indicates that 
during this stage, weed seeds are active and highly responsive to environmental cues 
(Vleeshouwers et al. 1995). The level of seed dormancy, as well as the rate of dormancy loss, 
are greatly influenced by the environment (Foley 1994; Fennimore et al. 1998). Temperature 
and moisture are especially important in determining seed dormancy level (Lunn et al. 2002; 
Nyachiro et al. 2002). In spite of the great effect that the environment has on seed dormancy, 
the effect of the genotype on seed dormancy variability is also substantial, with heritability 
values above 0.75 (Fennimore et al. 1998; Gu et al. 2003). It seems contradictory that the 
phenotype of a trait that is highly genetically determined can be strongly influenced by the 
environment. A possible explanation for this apparent contradiction is that a significant 
proportion of the genes that control seed dormancy are involved in environmental signal 
sensing. However, there is limited information about the existence and involvement of this 
type of "environment-sensing" gene in seed dormancy. 
It has been proposed that weeds can change their seed dormancy level and 
consequently their emergence patterns to avoid the high mortality imposed by herbicides and 
tillage (Mortimer 1997). Amaranthus tuberculatus (Moq.) J.D. Sauer is a dioecious species 
considered to be an important weed in the Midwestern United States of America. Several A. 
tuberculatus populations from agricultural fields show irregular and delayed emergence 
patterns, which helps avoid high mortality during the early growing season (Hartzler et al. 
1999, 2004). The change in the emergence patterns is presumably due to changes in seed 
dormancy because seeds with deep dormancy require longer periods of stratification and/or 
higher temperatures to germinate (Leon et al. 2004; Leon and Owen 2004). However, the 
importance of the genetic component of the seed dormancy phenotype, and whether the 
genetic variability within a population could explain the irregular and delayed emergence 
patterns shown by this species, is not known. The fact that seed dormancy variability is 
largely controlled by the environment raises the question of how natural and human selection 
influences seed dormancy. One possibility is that selection acts upon genes that are involved 
in the sensing and transduction of environmental signals that ultimately modify seed 
dormancy, and not necessarily upon genes that are directly responsible for seed dormancy. 
We hypothesized that seed dormancy in A. tuberculatus is controlled by both genes 
that impose deep dormancy and by genes that are responsible for modifying seed dormancy 
level in response to the environment. The objectives of the study were: 1) to determine the 
heritability of the deep dormancy trait, 2) to determine the heritability of the seed dormancy 
alleviation response to stratification, 3) to determine if these two traits are controlled by 
different genes, and 4) to evaluate how segregation for these genes might contribute to 
germination variability at the population level. 
Materials and methods 
Plant materials 
Seeds of A. tuberculatus were collected from wild populations from an agricultural field in 
Iowa (Ames biotype) and from a pristine area in Ohio (Ohio biotype), USA. The Ames 
biotype was selected because it demonstrates deep physiological dormancy (Leon et al. 
unpublished data) and requires stratification to make the transition to non-deep dormancy 
(Baskin and Baskin 2004). The Ohio biotype was chosen because it shows only non-deep 
dormancy (Leon et al. unpublished data) and therefore, does not require stratification (Baskin 
and Baskin 2004). Both biotypes are dormant because they require temperature alternation to 
alleviate dormancy and induce germination (Leon et al. unpublished data). The seeds were 
stratified for 16 weeks at 4°C under wet conditions in the dark and then germinated. The 
plants produced were grown in 1 1 pots in growth chambers at 25°C and 16 h photoperiod to 
produce seed for the experiments. Plants from the two biotypes were grown in different 
chambers to prevent cross-pollination. All the plants were watered and fertilized to promote 
rapid growth. Seeds were harvested manually and dried at room temperature (RT) for 3 
weeks until reaching 5% moisture content. After drying, the seeds were cleaned and 
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processed with an air column-seed cleaner to remove plant residues and light and nonviable 
seeds. Cleaned seeds were stored at 4°C and 40% relative humidity (RH) in the dark until 
used. 
Generation of recombinant F2 families 
Plants were grown in growth chambers under a long photoperiod (as described above). Eight 
weeks after planting, the plants were kept under a short photoperiod (8 h light and 16 h 
darkness) for 48 h to induce flowering. Ames and Ohio plants were reciprocally crossed by 
pairing male and female individuals and covering them with transparent plastic bags 
generating a total of 80 crosses. Four weeks later, the plants were uncovered and the males 
removed from the chamber. The seeds were harvested 5 months after planting and dried and 
cleaned as previously described. F, seeds were stratified for 4 weeks and then germinated for 
7 days. From each F; family, 10 to 20 seedlings were randomly selected and grown in growth 
chambers as described previously. After flowering, plants were randomly chosen from within 
each Fi family to be crossed as previously described to generate the recombinant F2 progeny. 
Seed dormancy and stratification response tests 
Fifty seeds from each F2 family were placed in a 9 cm petri dish with a blotter paper and 7.5 
ml of deionized water, and the dish was sealed with parafilm. Two different treatments were 
applied to evaluate seed dormancy and stratification response (Fig. 1). One treatment 
consisted of exposing seeds to germination conditions (200 |aE s"1 m"2 white light and 
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alternating temperatures of 31.3°C for 16 h and 21.5°C for 8 h) for 14 days, stratifying the 
seeds for 21 days, and exposing them again to germination conditions for 14 days. The 
second treatment consisted of stratifying the seeds for 21 days, and then germinating them 
for 28 days under the same germination conditions. Germination was recorded every 7 days 
during the germination periods (Fig. 1). A seed was considered germinated upon radicle 
protrusion. Germinated seeds were removed from the dish at the end of each evaluation 
period. Seeds that had not germinated by the end of the experiment were air-dried and 
subjected to a seed crush test to determine viability (Sawma and Mohler 2002). We 
determined that this technique showed a high correlation (r2 >0.81) with the tetrazolium 
(TZ) test as described by Moore (1985). We did not find significant differences in seed 
viability among any of the treatments. The seed dormancy and stratification tests had three 
replications and were conducted twice as completely randomized designs. The first time, 
experiments were conducted using 57 recombinant F2 families (Experiment 1), and the 
second time, the experiments were conducted using 62 recombinant F2 families (Experiment 
2). Differences in family number between experiment runs were due to seed availability. 
Germination percentage data was used to conduct ANOVA using the General Linear Model 
of SAS (PROC GLM, SAS, Version 8.0, Gary, North Carolina, USA) to determine the 
existence of differences between families and experiment repetitions. Also, Tukey's 
Studentized Range (P < 0.05) was used to compare families. 
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Heritability estimation 
ANOVA was used to estimate the phenotypic variance of the traits studied, and partition this 
variance into its different components to estimate the narrow sense heritability (h2) of the 
traits. 
The variance for the average seed germination per replication per family [Var( X/)] 
was estimated as follows: 
Var( X/ ) = [ t + (1 - t) / n\ Vp Eq. 1 
where t is the correlation between 2 seeds for each replication for each family, and Vp is the 
variance for an individual seed. Because within each family, the seeds were full sibs, then, 
t = \ / 2 h 2  Eq. 2 
Assuming that the dominance was negligible then, 
VT = [(1 /2 + 1 / 2n) VA ]  + Fg / n Eq. 3 
where n represents the number of seeds tested per replication and family, and VT , VA  and VE 
represent the total, genetic and environmental variances, respectively. Thus, 
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^ = Fr-PW2 Eq.4 
where a] represents the residual variance. Therefore, by combining equations 3 and 4, cr 
can be estimated as: 
< ^ = ( % / 2 + % , ) / „  E q . 5  
The expected mean square from the ANOVA was used to estimate the family genetic 
variance (Vf). Considering that the covariance between two families [cov (Xu, Xi2)] is 
equivalent to the VA, then: 
cov (Xu, X i 2) = VA /  2 = V f  Eq. 6 
VE ,  respectively. Thus, the heritability by 
error (Falconer and Mackay 1996, p. 177-
A , ' = W ( ^ + F f )  E q . 7  
equations 5 and 6 could be used to estimate VA and 
individual seed (h ] ) and its approximated standard 
181), and by family (hi) were estimated as: 
and 
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Eq.8 
The heritability estimates were determined for seed dormancy (X)  and for stratification (Y)  
response. The genetic correlation between these two traits (rA), and its estimated standard 
error, were calculated as described by Falconer and Mackay (1996, p. 316). MANOVA and 
the General Linear Model of SAS (PROC GLM, SAS, Version 8.0, Gary, North Carolina, 
USA) were used to obtain the covariance between X and Y from the matrix of the sums of 
squares for X and Y and the cross products of the same variables. 
Results 
Germination distribution and stratification response 
The germination ofFz families indicated that deep seed dormancy in A. tuberculatus behaves 
as a quantitative trait (Fig. 2). Unstratified Ames parent seeds showed 3 and 10% 
germination at 7 and 14 days after planting (DAP), respectively. Conversely, Ohio seeds 
showed 80 and 85% germination for the same evaluations. At 7 DAP, F? families showed a 
skewed distribution towards zero germination (Ames phenotype). However, at least 2 
families showed higher germination than the Ohio phenotype, which might be due to a 
reduction in the non-deep dormancy level. At 14 DAP, the F% germination distribution was 
closer to normal, with a mean germination around 50%. After the first period of germination, 
the non-germinated seeds were stratified for 3 weeks and then placed under germination 
conditions (Fig. 1, treatment 1). The stratification did.not reduce the germination variability 
and only changed the germination mean (Fig. 2). 
When the seeds were stratified before the germination experiment (Fig. 1, treatment 
2), the F2 germination was 40-50% at 7 DAP. However, as germination time increased, the 
germination mean increased to values similar to the Ohio phenotype (Fig. 3). This might be 
explained by the transient expression of the dormancy trait. Similarly, stratification did not 
decrease the germination variability (Fig. 2 and 3). In this case, it was evident that the F2 
families differed in their sensitivity to stratification. In fact, after stratification, 9 and 12 
families in experiments 1 and 2 respectively, showed lower germination than the Ames 
parent at 14 DAP (Fig. 3). 
Deep dormancy heritability 
Deep dormancy heritability was not particularly high and was variable at the individual seed 
level (h. ) ranging from 0.09 to 0.45 (Table 1). On the other hand, the heritability at the 
family level ( h 2 f )  was considerably higher, ranging from 0.76 to 0.91. Comparing heritability 
estimates before and after stratification (Table 1) or with and without stratification (Tables 1 
and 2), indicated that stratification reduced the deep dormancy heritability estimate, and this 
was more evident for h] than for h2f. However, the reduction in the heritability estimates 
was not marked, and the h ] and h 2f estimates were consistently high across experiments and 
over time. These results indicated that the differences in seed dormancy between F2 families 
had an important genetic component, and this could be detected even after 3 weeks of 
stratification. The heritability estimates after stratification are a combination of the 
heritability of the deep dormancy and stratification response. However, the fact that the 
reduction in deep dormancy heritability after stratification was relatively small indicated that 
most of the variability across seeds and families was due to the deep dormancy trait, and that 
the response to stratification depended on the presence of this trait. 
Deeply dormant A. tuberculatus seeds required stratification to become sensitive to 
temperature alternation for induction of germination, while non-deeply dormant seeds do not 
(Leon et al. unpublished data). The germination curves of most families leveled off at 
approximately 8-12 DAP. Therefore, we considered that seeds that germinated 14 DAP 
without stratification were not deeply dormant, and seeds that did not germinate after the 
same period were deeply dormant. The number of seeds that were deeply dormant and 
responded to stratification was determined by subtracting the germination at 14 DAP before 
stratification from the germination at 14 DAP after stratification (Fig. 1, treatment 1). The 
heritability of the stratification response was estimated using two variables; the number of 
deeply dormant seeds that germinated after stratification and the proportion between this 
number and the total number of deeply dormant seeds. For the stratification response, the h ] 
was significantly lower than for deep dormancy, but still the h 2f showed relatively high 
values ranging from 0.33 to 0.58 (Table 3). The lower heritability values shown by the 
response to stratification, compared with those shown by the deep dormancy trait, can be 
explained by the fact that the first is a trait whose expression depends directly on the 
environment. Thus, it is understandable that a higher proportion of the phenotypic variance is 
caused by environmental variability. 
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Are germination rate and stratification response the same trait? 
The possibility that deep-dormancy and stratification response were the same trait was 
considered. We determined the phenotypic correlation between non-deeply dormant and 
deeply-dormant seeds that were responsive to stratification. There was a weak negative 
correlation between these two variables (Fig. 4) in which the coefficient of determination (/) 
was 0.24 and 0.43 in experiments 1 and 2 respectively. This was expected because the closer 
the number of non-deeply dormant seeds is to the maximum possible germination, the fewer 
the deeply-dormant seeds that are available to respond to stratification. However, when the 
number of non-deeply dormant seed was low, there was greater variability in those that 
responded to stratification. Therefore, we determined the phenotypic correlation between 
non-deeply dormant seeds and the proportion of deeply-dormant seeds that responded to 
stratification based on the total number of deeply dormant seeds. This is a less biased 
estimator of stratification response because of the non-direct relationship to the number of 
non-deeply dormant seeds. Only 8% and 1% of the variation could be explained by this 
correlation in experiments 1 and 2, respectively (Fig. 5). This suggested that deep dormancy 
and stratification response were traits controlled by different genes, and that these genes 
segregated independently. In order to confirm these results, the genetic correlation 
coefficients (rA) between these two traits were estimated (Table 4). The rA estimates were 
lower than 0.075 confirming that deep dormancy and the response to stratification are traits 
controlled by different genes. 
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Important interactions between incubation conditions and seed dormancy 
The sequence in which the seeds are exposed to stratification and germination conditions 
determines the changes in seed dormancy level in response to these conditions. When the 
seeds were stratified between germination periods (Fig. 1, treatment 1), the parental line 
phenotypes were always at the extremes of the distribution of the F2 families (Fig. 2). In this 
case, Ames seeds were not particularly responsive to stratification. Conversely, when the 
seeds were stratified before being placed in germination conditions (Fig. 1, treatment 2), a 
significant number of Fa families showed phenotypes more extreme than the parental lines 
(Fig. 3). Thus, in this case, Ames seeds were more responsive to stratification than the seeds 
of at least 8 to 12 F2 families. Similarly, several families did not reduce their dormancy under 
treatment 1 (Fig. 2). However, when the same families were maintained under treatment 2, 
these families showed germination percentages higher than the Ohio parental line (Fig. 3). 
Therefore, it seems that germination conditions such as high and fluctuating temperatures 
and moisture reduced the sensitivity to stratification of deeply dormant seeds. 
Discussion 
Variability is important in the role that seed dormancy plays as an adaptive trait in weedy and 
wild plant species (Allen and Meyer 1998). Differences in seed dormancy can be observed 
between different species, different populations of the same species, and seeds produced by 
the same plant (Meyer and Kitchen 1994). Inter-specific differences in seed dormancy are 
clearly attributed to genetic factors (Baskin and Baskin 1998; Silvertown and Charlesworth 
2001). However, intra-specific variation for dormancy is commonly associated with 
environmental variation (Silvertown and Charlesworth 2001; Allen and Meyer 2002; Lacerda 
et al. 2004). The importance of the genetic component of the seed dormancy phenotype will 
determine how effective selective forces will be in modifying seed dormancy and 
consequently affecting the adaptability of the species (Allen and Meyer 1998; Silvertown and 
Charlesworth 2001). The quantitative nature of seed dormancy has been widely documented 
(Foley 2001; Koornneef et al. 2002). In many studies, this has been demonstrated by crossing 
wild, weedy or domesticated plants that have high levels of seed dormancy with 
domesticated plants selected for low or no dormancy (Wan et al. 1997; Fennimore et al. 
1999; Alonso-Blanco et al. 2003; Gu et al. 2003; Wan et al. 2005). An important biological 
question is whether intra-population phenotypic variation for seed dormancy in the field 
relies more on the genetic or environmental component. Many studies have shown that 
environmental factors such as temperature and moisture can dramatically interact with the 
seed dormancy genotype, thus generating phenotypic variation (Fennimore et al. 1998; Lunn 
et al. 2002; Nyachiro et al. 2002; Torada and Amano 2002; Schtitz and Rave 2003). 
However, intra-population genetic variation for seed dormancy can be advantageous because 
it increases the chances for survival without having to rely on environmental variation 
(Lacerda et al. 2004). Here, we report that by crossing two naturally occurring biotypes that 
differ in deep dormancy levels, a wide variety of germination phenotypes can be generated 
which would be reflected in a more variable and wider emergence pattern in the field. 
Considering that A. tuberculatus is a dioecious species, it is likely that outcrossing and 
resultant genetic recombination are important mechanisms for generating intra-population 
genetic variation affecting seed dormancy phenotypic variability. 
The results of our study show that the heritability of deep-dormancy in A. 
tuberculatus at the family level is high, ranging from 0.76 to 0.91. At the individual level, the 
heritability was not as high, and ranged between 0.10 and 0.45. Similar values were observed 
in wild oat (Avena fatua L.) (Naylor and Jana 1976; Jana and Naylor 1980; Fennimore et al. 
1998). The heritability of the stratification response was an important component of the 
phenotypic variability, although it was not as high as that for deep-dormancy. The 
observation that these two traits are important for determining the seed dormancy phenotype, 
and that they are likely controlled by different genes, suggests a mechanism causing variable 
seedling emergence. 
One of the most rapid changes observed in weed populations is the evolution of 
herbicide resistance. Other changes such as changes in emergence patterns have slowly 
occurred (Mortimer 1997). In recent years, A. tuberculatus has become a more difficult weed 
to control, and this has been attributed in part to its late and irregular emergence patterns 
(Hartzler et al. 1999, 2004; Leon and Owen 2004). A. tuberculatus seeds with high dormancy 
levels germinate later during the growing season than seeds with a low dormancy level 
because the former require higher temperatures to induce germination than the latter (Leon 
and Owen 2004). Seed dormancy is a quantitative trait. Thus, it is difficult to envision that a 
population such as Ames, with a combination of genes that promote a very deep dormancy 
level, could increase seed dormancy in order to generate a delayed emergence phenotype. On 
the other hand, if there are "core" seed dormancy genes and "regulatory" genes that modify 
seed dormancy in response to the environment, it is possible to "increase" seed dormancy. 
Considering the deep dormancy trait and the response to the stratification trait, one could 
expect early and late emergence phenotypes. The early emergence will be produced by seeds 
with no deep dormancy regardless of the stratification response. Also, seeds that have the 
deep dormancy trait but are responsive to stratification will show early emergence because 
the low temperatures of the winter and spring can remove the deep dormancy. Finally, deeply 
dormant seeds that lack the stratification response will promote late emergence. It is possible 
that high mortality during the beginning of the growing season attributable to herbicides 
and/or tillage, has selected for individuals that have deep dormancy and a reduced response 
to stratification (Mortimer 1997). 
Another interesting result was that germination conditions reinforced the dormancy of 
deeply dormant seeds, making them less sensitive to stratification. Two aspects of this result 
are noteworthy. One is that the same environmental signal that triggers germination of non-
deeply dormant seeds also prevents the germination of deeply dormant seeds. The dual role 
of temperature is important for ensuring that seeds do not germinate when favorable 
conditions.occur but the chances for seedling survival are low (Vleeshouwers et al. 1995). 
For example, during the fall, soil moisture and temperature can be adequate for the 
germination of summer annuals, but if germination occurs seedlings will die during the 
winter before completing their life cycle. This type of genotype by environment interaction 
has been proposed as a mechanism to increase the species adaptability by reducing the 
probability of germination occurring in unfavorable conditions (Fennimore et al. 1998).The 
other aspect is that despite the high genetic component of deep dormancy, the environment 
can still have an important role that will determine emergence timing. However, the role of 
the environment in modifying seed dormancy will ultimately depend on the interactions with 
genes that control traits such as the stratification response. 
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Table 1 Deep dormancy heritability estimates of individual Amaranthus tuberculatus seeds 
(h 2 ) and families (h 2f ). The seeds were germinated for 14 days, then stratified for 21 days, 
and then germinated for 14 days. The h 2 and h 2f estimates were based on the germination at 
7 and 14 days after planting (DAP) before and after stratification. Results are presented for 
two independent experiments. 
Experiment Stratification DAP h] hf 
1 Before 7 0.40 ± 0.05* 0.91 
14 0.36 ±0.04 0.90 
After 7 0.29 ± 0.04 0.89 
14 0.14 ±0.03 0.77 
2 Before 7 0.35 ± 0.04 0.90 
14 0.22 ± 0.03 0.85 
After 7 0.20 ±0.03 0.83 
14 0.13 ±0.03 0.76 
* h) ± estimated standard error 
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Table 2 Deep dormancy heritability of individual Amaranthus tuberculatus seeds (h ) ) and 
families ( h 2 f )  of seeds stratified for 21 days. The h  • and h  2 f  estimates were based on the 
germination at 7, 14, 21 and 28 days after planting (DAP). Results are presented for two 
independent experiments. 
Experiment DAP h) hf 
1 7 0.19 ±0.03' 0.84 
14 0.20 ± 0.03 0.83 
21 0.13 ±0.03 0.76 
28 0.12 ±0.03 0.76 
2 7 0.19 ±0.03 0.84 
14 0.16 ± 0.03 0.80 
21 0.12 ±0.02 0.76 
28 0.14 ±0.03 0.77 
* h] ± estimated standard error 
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Table 3 Stratification response heritability of individual Amaranthus tuberculatus seeds (h ] ) 
and families (h 2f ). Results are presented for two independent experiments. 
Estimate Experiment h] 
DPS3 1 0.04 ± 0.01b 0.52 
2 0.05 ± 0.02 0.58 
DPS / DPC 1 0.06 ± 0.02 0.45 
2 0.06 ±0.02 0.33 
a DPS: Number of deeply dormant seeds in which dormancy was alleviated in response to 
stratification. 
b h ] ± estimated standard error 
c DPS / DP: Proportion of deeply dormant seeds in which dormancy was alleviated in 
response to stratification (DPS) based on the total number of deeply dormant seeds (DP). 
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Table 4 Genetic correlation coefficient ( r A )  between deep dormancy and stratification-
dormancy alleviation response for Amaranthus tuberculatus. The stratification response was 
estimated using two variables. Results are presented for two independent experiments. 
Variables rA 
Experiment 1 Experiment 2 
DPS3 -0.057 ± 0.001b -0.071 ± 0.004 
DPS / DPC 0.070 ± 0.004 0.047 ± 0.004 
3 DPS: Number of deeply dormant seeds in which dormancy was alleviated in response to 
stratification. 
b rA ± estimated standard error 
c DPS / DP: Proportion of deeply dormant seeds in which dormancy was alleviated in 
response to stratification (DPS) based on the total number of deeply dormant seeds (DP). 
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Fig. 1 Diagram representing two treatments to which parental and F2 family Amaranthus 
tuberculatus seeds were subjected to study deep dormancy and stratification mediated 
dormancy alleviation. Germination and stratification periods are indicated with "G" and "S", 
respectively. The arrows indicate the times when germination was evaluated. 
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Fig. 2 Frequency distribution of F2 Amaranthus tuberculatus families based on germination 
means. Seeds were placed under germination conditions for 14 days then stratified for 3 
weeks followed by another germination period of 14 days. Germination of unstratified seeds 
at 7 DAP (A and B) and 14 DAP (C and D), stratified seeds at 7 DAP (E and F) and 14 DAP 
(G and H). The germination ranges of the parental lines (Ames and Ohio) are indicated as 
horizontal bars. Results are presented for germination at 7 and 14 days for two independent 
experiments. 
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Fig. 3 Frequency distribution of F2 Amaranthus tuberculatus families based on germination 
means at 7 (A and B), 14 (C and D), 21 (E and F) and 28 DAP (G and H) using seeds 
stratified for 3 weeks. The germination ranges of the parental lines (Ames and Ohio) are 
indicated as horizontal bars. Results are presented for two independent experiments. 
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Fig. 4 Phenotypic correlation between non-deeply dormant (NDP) and deeply dormant 
Amaranthus tuberculatus seeds that alleviated dormancy after stratification (DPS). Results 
are presented for two different experiments. The lines represent the best-fitted equation 
where y = -0.284* + 0.432 with r2 = 0.24 for Experiment 1 and y = -0.359% + 0.378 with r2 = 
0.43 for Experiment 2. 
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Fig. 5 Phenotypic correlation between non-deeply dormant (NDP) and the proportion of 
deeply dormant Amaranthus tuberculatus seeds that responded to stratification (DPS) based 
on the total number of deeply dormant seeds (DP). Results are presented for two different 
experiments. The lines represent the best-fitted equation where y = 0.003% + 0.457 with r2 = 
0.08 for Experiment 1 and y - 0.001% + 0.371 with r2 = 0.01 for Experiment 2. 
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CHAPTER 4 
GERMINATION AND PROTEOME ANALYSES REVEAL 
INTRA-SPECIFIC VARIATION IN SEED DORMANCY 
REGULATION IN COMMON WATERHEMP {AMARANTHUS 
TUBERCULATUS) 
A paper to be submitted to Weed Science 
Ramon G. Leon, Diane C. Bassham, and Micheal D. K. Owen 
Abstract 
Common waterhemp is an obligate outcrosser that has high genetic variability. However, 
under selection pressure, this weed shows population differentiation for adaptive traits. Intra-
specific variation for herbicide resistance has been studied, but no studies have been 
conducted to determine the existence of variation for other adaptive traits that could 
influence weed management. The objective of this study was to examine the existence of 
different seed dormancy regulatory mechanisms in common waterhemp. Seed dormancy 
regulation, in response to different temperature and moisture regimes, was studied through 
germination experiments and proteome analysis using two common waterhemp biotypes 
(Ames and Everly) collected from agricultural fields in Iowa, and one biotype (Ohio) 
collected from a pristine area in Ohio. Without stratification, biotypes differed in germination 
percentage, which was 9, 29 and 88% for Ames, Everly and Ohio respectively. The 
dormancy of Ames seeds was dramatically reduced after incubation at either 4 or 25 C in wet 
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conditions, but for Everly seeds dormancy was only reduced at 25 C. The Ohio biotype 
showed no change in dormancy in response to any of the incubation treatments. In addition, 
the rate of seed dormancy alleviation differed between biotypes. The protein profile of the 
biotypes differed in protein abundance, number and type. A putative small heat-shock protein 
(sHSP) of 17.6 kDa and pi 6.1 and a putative glyceraldehyde-3-phosphate dehydrogenase 
(G3PDH) of 30.9 kDa and pi 6.4 increased and decreased in abundance respectively in the 
Ames biotype as seed dormancy was reduced in response to incubation at 4 C and wet 
conditions. These proteins did not change in the Everly and Ohio biotypes, which did not 
change in dormancy level in response to the same incubation treatments, suggesting that 
these proteins changed their abundance in response to seed dormancy alleviation. The results 
indicated that the differences in seed dormancy levels between the biotypes were due to 
different physiological regulatory mechanisms. This study highlights the importance of 
agricultural practices in modifying complex adaptive traits such as seed dormancy in weeds 
because changes in these traits could affect weed management tactics. 
Nomenclature: Common waterhemp [Amaranthus tuberculatus (Moq.) H. H.] 
Key words: Dormancy, germination, stratification, temperature fluctuation, biotype, 
population. 
Introduction 
Studies of seed dormancy or other adaptive traits in plants have been typically conducted by 
thoroughly describing one population of a given plant species (Grundy et al. 2003). The 
assumption behind this approach is that all or at least most of the populations will show the 
same behavior. However, in cases when this assumption is false, the usefulness of the 
information generated is limited and potentially misleading if the population chosen is not 
representative of other populations of interest. In this regard, the importance of the trait for 
the survival of the species must be considered. Traits that are important for adaptation to the 
environment are more likely to vary from one population to another, especially if the 
conditions are significantly different between locations inhabited by the populations 
(Silvertown and Charlesworth 2001). The reproductive strategy of the plant species has a 
large effect on population differentiation. Self-pollinated species are more prone to show 
population differentiation than outcrossed species because the former have higher levels of 
inbreeding than the latter, thus reducing intra-population genetic variability (Hartl and Clark 
1997; Silvertown and Charlesworth 2001). 
Seed dormancy is an important adaptive trait that shows high intra-specific 
phenotypic variability (Christal et al. 1998). In most cases, differences in seed dormancy 
levels between populations have been attributed to differences in the conditions during which 
the seeds were produced or germinated (Allen and Meyer 2002; Lacerda et al. 2004; 
Silvertown and Charlesworth 2001). However, studies have shown that different populations 
of several species can show similar dormancy levels and seedling emergence patterns despite 
the different environments in which the seeds were produced (Forcella 1993; Grundy et al. 
2003). 
Common waterhemp [Amaranthus tuberculatus (Moq.) J. D.] is a dioecious species 
and an obligate outcrosser that is thought to have high genetic variability (Patzoldt et al. 
2002; Pratt and Clark 2001 ; Tranel et al. 2004). This genetic variability is due to intra and 
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inter-specific gene flow, making common waterhemp a very promiscuous species with the 
capacity to incorporate genes from other related species such as smooth pigweed 
(.Amaranthus hybridus L.) into its genome (Tranel et al. 2002; Trucco et al. 2005a, b). Also, 
different populations of this species differ in their response to several herbicides (Patzoldt et 
al. 2002) suggesting that despite its reproduction strategy and high promiscuity, there is 
population differentiation in response to selective forces such as herbicides. This raises the 
question of whether population differentiation exists for other traits that could impact not 
only common waterhemp adaptability to agricultural and non-agricultural conditions but also 
our ability to manage its populations. 
Seed dormancy is important for determining weed emergence patterns (Baskin and 
Baskin 1998; Silvertown and Charlesworth 2001). Importantly, changes in seed dormancy 
levels can modify weed emergence timing to avoid herbicide or tillage (Mortimer 1997). In 
addition, herbicide resistance has been associated with changes in seed germinability and 
seedling emergence (Vila-Aiub et al. 2005). Therefore, it seems reasonable to hypothesize 
that common waterhemp populations from different areas and/or with different histories of 
selection have evolved different seed dormancy regulatory mechanisms. 
We compared three common waterhemp populations under laboratory conditions to 
test this hypothesis. The objectives of the research were: 1) to determine the existence of 
intra-specific seed dormancy differences, 2) to determine if these differences were due to 
different physiological regulatory mechanisms, and 3) to identify proteins that might be 
involved in seed dormancy regulation in common waterhemp. 
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Materials and Methods 
Plant Materials 
Common waterhemp seeds were collected from wild populations in two Iowa 
locations (Ames and Everly) and one Ohio location, USA. The Ames and Everly biotypes 
were collected from agricultural fields that had been maintained in a corn-soybean rotation 
for more than 10 yr. The Ohio biotype was collected from a pristine area, and to the extent of 
our knowledge, this area had not been disturbed by agricultural practices. All seeds were 
stratified for 16 wk at 4 C and wet conditions in the dark, and then germinated. The plants 
produced were maintained in growth chambers at 25 C and 16 h photoperiod in order to 
produce seed for the experiments. The three biotypes were grown in different chambers to 
prevent cross-pollination. Seeds were harvested manually and dried at room temperature 
(RT) for 3 wk until reaching 5% moisture content. After drying, the seeds were run through 
an air column-seed cleaner to remove plant residues and non-viable seeds. Cleaned seeds 
were stored at 4 C and 40% relative humidity (RH) in the dark until used. 
Incubation and Germination Treatments 
Groups of 50 seeds were placed in 9 cm petri dishes with a blotter paper. The seeds 
were incubated at either 4 or 25 C with or without 7.5 ml of deionized water for 0 to 8 wk in 
the dark. The incubation for 0 wk consisted of imbibing the seeds for 24 h at the desired 
temperature. After the stratification period, the seeds were rinsed with deionized water, 
placed on a filter paper and dried at RT for 1 h before conducting the germination 
experiment. The seeds were transferred to a new petri dish with a blotter paper and 7.5 ml of 
water, as described above, the dish was sealed with parafilm and placed inside a germination 
cabinet under continuous white light (200 ^E s"1 m"2) and an alternating temperature regime 
of 31.3 C for 16 h and 21.5 C for 8 h. The average hourly temperature was 28 C based on a 
24 h cycle. The germination experiment was conducted for 14 d and germination was 
recorded every day. A seed was considered germinated when radicle protrusion occurred. At 
the end of the experiment, non-germinated seeds were air-dried and subjected to a seed crush 
test to determine viability (Sawma & Mohler 2002). We did not find significant differences 
in seed viability among any of the treatments (P > 0.3). 
Protein Extraction 
Protein was extracted from seeds after incubation for 0 and 3 wk at 4 C in wet 
conditions. At the end of the incubation period, 50 mg (dry weight basis) of seeds were 
frozen in liquid nitrogen and ground with pestle and mortar until forming a fine powder. The 
ground sample was transferred to a 1.5 ml micro-centrifuge tube containing 1 ml of protein 
extraction buffer [20 mM 3-(N-morpholino) propane sulfonic acid (MOPS), 50 mM 
ethylenediamine-tetracetic acid (EDTA), 1 mM phenylmethylsulfonyl-fluoride (PMSF)]. The 
tube was vortexed briefly and then centrifuged at 38 g for 10 min. The supernatant was 
transferred to a clean tube and trichloroacetic acid was added to form a 10% solution in order 
to precipitate the proteins. The tube was kept on ice for 30 min and then centrifuged at 20817 
g and 4 C for 20 min. The supernatant was discarded, and the pellet was washed with 1 ml 
100% acetone by quickly whirling the tube. The tube was centrifuged at 20817 g and 4 C for 
10 min. Pellet washing and precipitation was repeated twice. After the third wash, the pellet 
was dried at RT for 5 min, dissolved in running buffer {7 M urea, 2 M thiourea, 4% 3-[(3-
chlamidopropyl) dimethylammonio]-l-propanesulfate, and 40 mM Tris-hydrochloric acid} 
and stored at - 80 C until used. 
2-D Protein Gels 
Proteins were separated based on their electric charge on a 7 cm long isoelectric 
focusing gel with a 3 to 10 pH linear gradient1. The samples loaded on the membrane 
consisted of a solution of running buffer containing 250 ug of total protein plus 50 mM 
dithiothreitol (DTT) and 2% IPG buffer. The isoelectric focusing was conducted starting at 
100 V for 16 h, followed by 250 V for 4 h, 500 V for 2 h, 1000 V 2 h, 2500 V for 2 h, 5000 
V for 1 h, and 8000 V for 1 h. The membrane was immersed in an equilibration buffer [6 M 
urea, 0.375 M Tris pH 8.8, 2% sodium dodecyl sulfate (SDS), 20% glycerol and 2% (w/v) 
DTT] for 30 min. After equilibration, the proteins were separated in the second dimension 
based on their size by running them on a 12.5% poly-acrylamide gel with SDS at 80 mV for 
approximately 1 h. The gel was stained with a 0.1 % acidic coomassie blue solution for 24 h 
at RT, followed by destaining with washes of a destaining solution (10% acetic acid, 45% 
methanol) for 24 h. The gels were scanned using a densitometer-scanner2 and the images 
were analyzed using 2-D gel analysis software3. At least three independent extractions and 2-
D gels were prepared for each sample. Specific spots were cut out from the gel using a razor 
blade, and peptide sequence was determined using liquid chromatography and mass 
spectrometry in tandem (LC-MS-MS) at the Iowa State University Proteomics Facility. 
Peptide sequences were used to look for short-nearly exact homology with the sequence of 
proteins of other species in public databases using the BLAST algorithm (Altschul et al. 
1997). 
Experimental Design and Data Analysis 
The germination experiments were conducted as completely randomized designs with 
4 replications and were conducted at least twice. ANOVA was conducted on germination 
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percentage data to analyze the results of the experiments using PROC GLM of SAS ([SAS] 
Statistical Analysis Systems 1995). No interactions between the different runs of the same 
experiment and any other variable were observed (P > 0.05), so the experiments runs were 
analyzed as a whole experiment. 95% Bonferroni's confidence intervals (a = 0.05) were used 
to identify differences between treatments. 
The color intensity and area of the spots on the 2-D protein gels was used to 
determine protein abundance. Only spots that consistently appeared in all gels of each 
treatment were considered for the analysis. Spot values were normalized based on the total 
sum of color intensity and area of all the spots considered on each gel. Student f-test (P < 0.1) 
was used to determine differences across incubation treatments for each spot within biotypes. 
For this test, values of at least three gels per treatment were included. 
Results and Discussion 
Incubation conditions and seed dormancy 
Three common waterhemp biotypes were incubated for 3 wk under four different 
conditions: dry and wet at 4 C, and dry and wet at 25 C. It was proposed that if the biotypes 
had the same seed dormancy regulatory mechanism, the response to the different incubation 
conditions should be the same. However, the biotypes showed dramatic differences not only 
in overall germination but also in their response to particular treatments (Figure 1). After 
incubation at 4 C and dry conditions, which are traditional seed storage conditions, 
germination was 9, 29 and 88 % for Ames, Everly and Ohio respectively. Therefore, the 
biotypes differed in their basal seed dormancy levels. The incubation at 4 C in wet 
conditions, which is a typical seed stratification treatment, only reduced seed dormancy in 
the Ames biotype. However, the dormancy reduction shown by Ames seeds was not an 
exclusive response to low temperatures because incubation at 25 C in wet conditions had a 
similar effect. Although Everly seeds did not change dormancy at 4 C in wet conditions, a 
dramatic reduction in seed dormancy was observed after incubation at 25 C and wet 
conditions. Incubating the seeds at 25 C and dry conditions only reduced the dormancy of 
Ames seeds, but this reduction was small compared with the one observed at 4 C and wet 
conditions. Ohio seeds did not show any response to the incubation treatments. 
In order to determine if the differences between biotypes observed in the previous 
experiment were a transient effect due to the incubation period (3 wk), seeds were incubated 
from 0 to 8 wk at 4 and 25 C and wet conditions. Ames seeds showed reduced seed 
dormancy proportional to the time of incubation at 4 C (Figure 2). Conversely, neither Everly 
nor Ohio seeds showed a change in dormancy in response to the 4 C incubation, but their 
germination in all incubation periods was around 20% for the former and 90% for the latter 
biotype. When the seeds were incubated at 25 C, both Ames and Everly seeds proportionally 
decreased in dormancy as incubation time increased. On the other hand, Ohio seeds showed 
no response to the 25 C incubation. It is clear that these biotypes differ in the way they 
perceive the environment and consequently modify their seed dormancy levels. In the case of 
Ames, wet conditions were more important than temperature to reduce seed dormancy. 
Everly seeds also required wet conditions to alleviate dormancy. However, the Everly 
biotype required warmer temperatures (i.e. 25 C) than the Ames biotype for alleviating 
dormancy. The Ohio biotype showed no response to the incubation treatments, and the 
germination was close to 90% in all treatments. It seems that the most important requirement 
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for alleviating dormancy in the Ohio biotype is exposure to temperature fluctuation (Leon et 
al. see chapter 2). 
Seed dormancy alleviation and the response to temperature fluctuation 
Under optimum conditions, the rate of germination depends on the number of non-
dormant seeds and the rate of seed dormancy alleviation in response to germination 
conditions (Batlla and Benech-Arnold 2003). The three biotypes show no germination in the 
absence of temperature fluctuation indicating that most of their seeds exhibit some level of 
dormancy. In addition, temperature fluctuation triggers the germination of seeds that are non-
deep ly dormant (Leon et al. see chapter 2). It has been shown that in species such as 
johnsongrass [Sorghum halepense (L.) Pers.], the deeper the dormancy level, the greater the 
number of temperature fluctuation cycles that will be required to completely alleviate the 
dormancy of a dormant seed (Benech-Arnold et al. 1990a, b). Therefore, we hypothesized 
that the biotypes differed in their response to the incubation treatments not because they 
differed in the number of non-dormant seeds but because they had different dormancy levels 
that affected the seed response to temperature fluctuation. This hypothesis was tested by 
comparing the germination curves of the biotypes after incubation at either 4 or 25 C for 0 to 
8 wk. Seeds from species that require temperature fluctuation for seed dormancy alleviation 
tend to show linear germination curves when the seeds are deeply dormant, but the shape of 
these curves becomes exponential or sigmoidal as the dormancy level decreases (Batlla et al. 
2003). After incubation at 4 C, Everly and Ohio biotypes had reached maximum germination 
after 5 d (Figure 3). This was consistent regardless the incubation period. For both biotypes 
the shape of the curve was sigmoidal although their maximum germination differed 
significantly. This result indicated that most of the seeds within each biotype had a similar 
dormancy level, so each seed required a similar number of temperature fluctuation cycles to 
trigger germination (Batlla et al. 2003; Benech-Arnold et al. 1990a, b). In the case of Ames, 
the germination curves were linear for seeds incubated at 4 C for less than 3 wk, but the slope 
of the curves increased as incubation time increased. After 4 wk of incubation, the Ames 
germination curves showed a sigmoidal shape in which the germination rate in the 
exponential phase increased as incubation time also increased. Seeds within the Ames 
biotype had different dormancy levels, thus requiring different temperature fluctuation cycles 
to trigger germination. However, incubation at 4 C reduced the dormancy of the seeds, 
thereby reducing the requirement for temperature fluctuation. This explains why at the longer 
incubation periods the Ames germination curves were sigmoidal as were the Everly and Ohio 
curves. Similar results were obtained after incubation at 25 C, but in this case, Ames and 
Everly showed a changé in the shape of their germination curves (Figure 4). Ames 
germination curves were linear for the treatments 0 and 1 wk incubation at 25 C. In the case 
of 2 to 8 wk incubation at the same temperature, the curves were sigmoidal, and it was 
observed that the longer the incubation period, the greater the germination rate and the 
maximum germination. The Everly biotype showed increased germination rate during the 
exponential phase of the curve as incubation time at 25 C increased, in contrast to the 4 C 
incubation treatments. 
Seeds from all biotypes germinated during the first 5 d of the germination test. It is 
interesting that only the Ames biotype showed linear germination curves that became 
sigmoidal as seed dormancy alleviation was promoted. Conversely, Everly, which underwent 
dramatic reductions in seed dormancy at 25 C, always exhibited sigmoidal curves. It is likely 
that the dormancy alleviation process triggered by temperature fluctuation occurred faster in 
Everly than Ames seeds. These observations supported the hypothesis that there was a 
differential seed dormancy alleviation response to temperature fluctuation as well as to the 
incubation treatments across biotypes. 
Intra-specific physiological differences in seed dormancy regulation 
Proteome analysis has been widely used to characterize changes in seed germinability 
in response to different conditions (Finnie et al. 2002; Gallardo et al. 2001, 2002). In 
addition, protein turn-over during the period between imbibition and radicle protrusion is 
critical for successful completion of germination (Gallardo et al. 2001; Rajjou et al. 2004). In 
order to generate more evidence that the biotypes had distinct physiological conditions 
resulting in different seed dormancy levels, we studied the protein profile of seeds incubated 
at 4 C for 0 and 3 wk. These treatments were chosen because they provided a broad set of 
seed dormancy alleviation responses across common waterhemp biotypes. Also, these 
treatments favored the identification of proteins that could be potentially involved in seed 
dormancy regulation by comparing the protein profile by 2-D gel electrophoresis of the 
biotypes based on their response to incubation at 4 C. Thus, Ames seeds represented the 
change from a deeply to a non-deeply dormant stage (dormancy alleviation); Everly seeds 
represented no change in deeply-dormant seeds (negative control), and Ohio seeds 
represented no change in non-deeply dormant seeds (positive control). The protein profile of 
the biotypes differed in protein abundance, number and type confirming that the physiology 
of the seeds of the biotypes was different (Figure 5). After incubation at 4 C for 0 wk, all the 
biotypes shared a significant number of spots, which represented 60, 65 and 40 % of the total 
number of spots considered for Ames, Everly and Ohio respectively (Figure 6). Conversely, 
the proportion of spots that was shared by exclusively two biotypes was considerably lower, 
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averaging 6%. The Ohio biotype had around 48% spots that were unique, while the 
proportion of unique spots for Ames and Everly biotypes was around 23%. 
Incubating the seeds at 4 C for 3 wk changed the protein profile of the biotypes 
dramatically. The number of shared spots for all biotypes decreased for Ames to 52%, 
remained at 64% for Everly, and increased to 50% for Ohio. The proportion of spots shared 
by any given biotype pair remained approximately at 10%. The proportion of unique spots 
increased to 36% for Ames, and decreased to 8 and 32% for Everly and Ohio respectively. It 
is likely that the proteins that were shared by all biotypes are part of conserved metabolic 
processes or storage proteins, while some of the unique proteins for each biotype are a 
product of the different dormancy levels (Bewley and Black 1994). The differences in protein 
profiles between biotypes suggested that their seeds were undergoing different physiological 
processes. Furthermore, the fact that the total number of unique proteins after incubation at 4 
C for 3 wk increased in Ames seeds, and this increase seemed to be related with seed 
dormancy alleviation, strongly indicated that this biotype had more protein biosynthesis after 
stratification and had a distinct physiological response that resulted in dormancy alleviation. 
Previous studies showed that differences in protein profiles between genotypes reflected 
differences in their dormancy levels (Kawakami et al. 1992). 
In general, the proportion of spots that were uniquely present either at 0 or 3 wk at 4 
C, or in both treatments, was similar for all biotypes (Table 1). However, at 0 wk at 4 C, the 
Ohio biotype had more than twice the percentage observed in Ames and Everly seeds, 
although this difference does not account for all the different seed dormancy changes 
observed. This is obvious because the number or proportion of proteins present at a given 
time is not as critical as the nature and function of these proteins for determining a 
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physiological response (Bewley and Black 1997). For this reason we looked for proteins that 
changed in abundance in response to incubation at 4 C for 3 wk, in a way that correlated with 
changes in seed dormancy. 
Different types of proteins and genes have been identified and associated with 
changes in seed dormancy by comparing mRNA and protein profiles of dormant and non-
dormant genotypes or dormant seeds before and after stratification (Cranston et al. 1999; 
Kawakami et al. 1992). Several proteins showed changes in abundance in response to the 
incubation treatments. We identified two of these proteins based on their peptide sequence 
homology with other species (Table 2 and 3). The first protein was a putative small heat 
shock protein (sHSP) of 17.6 kDa and pi 6.1 (Table 2). This protein showed a dramatic 
increase in Ames seeds after incubation at 4 C for 3 wk (Figure 7). In Everly seeds, sHSP 
was very abundant, but it did not change in response to the treatment. Conversely, in Ohio 
seeds, this protein was almost undetectable in the 0 and 3 wk treatments. It is interesting that 
in Ames, the increase in sHSP correlated with seed dormancy alleviation, and that this 
protein was absent in Ohio seeds which were less dormant than Ames seeds. This suggests 
that the change in abundance of this sHSP is part of the dormancy alleviation response in 
Ames seeds. The accumulation of cytosolic small heat-shock proteins (sHSPs) in Arabidopsis 
seeds is controlled by abscisic acid (Wehmeyer et al. 1996), a hormone thought to be 
responsible for seed dormancy induction and the prevention of germination (Bewley 1997). 
However, sHSPs abundance does not entirely explain seed dormancy level (Wehmeyer et al. 
1996). In a large scale proteomic analysis of seed germination and priming in Arabidopsis, 
Gallardo et al. (2001) found that two sHSPs of approximately 17.4 kDa increased their 
abundance in response to osmopriming but not hydropriming. Several researchers argued that 
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sHSPs ensure that other proteins are properly folded when the seed is not fully hydrated 
(Gallardo et al. 2001; Wehmeyer and Vierling 2000). This explanation seems not to apply to 
our conditions because the seeds were fully hydrated in all treatments and biotypes. Instead, 
in our study, sHSP showed a better correlation with seed dormancy changes than with seed 
water status. Thus, it is possible that the sHSP is actively involved in the process leading to 
the reduction in dormancy. 
Another protein that was found to show a specific pattern of expression in response to 
the incubation treatments was identified as a glyceraldehyde-3-phosphate dehydrogenase 
(G3PDH) of 30.9 kDa and pi 6.4 (Table 3). This protein was abundant before incubation at 4 
C in Ames seeds, but after 3 wk incubation, the abundance decreased. In the case of the 
Everly biotype, the protein was almost undetectable before and after incubation. Ohio seeds 
showed low levels of G3PDH that did not change in response to incubation. G3PDH is a 
critical enzyme for respiration, which at the same time is one of the most important metabolic 
processes for germination and likely for seed dormancy alleviation. Therefore, the low levels 
of G3PDH in Everly seeds could have limited dormancy alleviation or germination induction 
by limiting the energy supply. In the case of Ames seeds, the reduction in G3PDH is in 
agreement with previous observations that the abundance of this enzyme decreases after 
imbibition (Gallardo et al. 2001, 2002) and with the hypothesis that high respiratory rates 
prevent seed dormancy alleviation. It has been proposed that the tricarboxylic acid cycle 
(TCA) competes with the Pentose Phosphate Pathway (PPP) for oxygen, and that reduced 
TCA rates and high PPP rates favor dormancy alleviation (Bewley and Black 1997). Gallardo 
et al. (2002) found that after seeds were imbibed for 1 d, two isoforms of a cytosolic G3PDH 
increased, but also two other isoforms of the same enzyme decreased to very low levels. In 
103 
addition, these researchers found that gibberellic acid, which is thought to induce 
germination (Bewley 1997), had a negative effect on the abundance of one of the isoforms 
that increased after imbibition. Therefore, it seems that the regulation of the energy status of 
the seed and perhaps of the availability of high energy compounds such as ATP could be 
important to coordinate the germination process and perhaps seed dormancy alleviation. 
A caveat that is important to mention is that coomassie blue was used to visualize the 
proteins. Coomassie blue staining is not as sensitive as other methods such as silver staining. 
Therefore, the protein profile was not complete and likely covered only the most abundant 
proteins. It is possible that by including more proteins in the analysis, the profiles of the 
biotypes could show different trends. However, it is not likely that these differences would 
change the conclusion that the biotypes had different physiological conditions that were 
responsible for variation in seed dormancy levels. Another caveat is that there is the 
possibility that the differences observed in seed dormancy were not entirely due to 
physiological but also to structural and morphological factors. It has been shown that 
differences in seed coat pigmentation and thickness are important components of seed 
dormancy in species such as Arabidopsis thaliana (L.) Heynh. (Debeaujon and Koornneef 
2000; Debeaujon et al. 2000). On the other hand, there is evidence indicating that increases in 
the synthesis and activity of certain enzymes (i.e. pectin methyl esterases) are also 
responsible for seed dormancy alleviation by promoting seed coat weakening (Ren and 
Kermode 2000). We did not find any noticeable difference in the seed coat color or thickness 
of the common waterhemp biotypes studied, so it is more likely that the differences observed 
across biotypes were due to physiological factors. 
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Implications for weed management 
The existence of differences in seed dormancy regulatory mechanisms across 
common waterhemp biotypes has important implications in weed management. In general, 
when intra-specific differentiation for seed dormancy has been observed, this differentiation 
was associated with the fixation of alleles due to full or partial inbreeding (Marshall et al. 
2000). Common waterhemp is a dioecious species and thus an obligate out-crosser. 
Therefore, one would expect to find very limited genetic differentiation between populations 
in the absence of selection. In fact, this is the case in the North Central Region of USA where 
common waterhemp populations do not show clear genetic differentiation when analyzed 
using neutral markers, although phenotypic differentiation is evident (Pratt and Clark 2001). 
Our data indicate that differences in seed dormancy are the product of major differences in 
the physiology of the seed. Furthermore, it is likely that these differences arose in response to 
some kind of selection. It seems plausible to suggest that agricultural practices such as tillage 
or herbicide applications could be responsible for the more complex seed dormancy 
regulatory mechanisms that Ames and Everly biotypes (collected from agricultural fields) 
exhibited compared with the Ohio biotype (collected from a pristine area). Even though we 
only characterized three common waterhemp biotypes, and a study including many biotypes 
would be required to prove such an idea, it is important to consider this possibility because of 
the importance of seed dormancy as an adaptive trait. 
Much effort has been focused on studying the evolution of herbicide resistance, 
particularly in common waterhemp (Anderson et al. 1996; Hinz and Owen 1997; Horak and 
Peterson 1995; Shoup et al. 2003), in part because evolved resistance makes it more difficult 
to control. However, with a few exceptions such as Lolium rigidum Gaud. (Llewellyn and 
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Powles 2001), herbicide resistant weeds have not caused major problems because they have 
been controlled with other herbicides or with mechanical and cultural practices (Owen 2001). 
More attention should be given to how agricultural practices modify complex adaptive traits 
such as seed dormancy because changes in these traits could affect several weed management 
strategies coincidentally. The use of herbicides and the timing of tillage are selective forces 
known to increase seed dormancy level and consequently, delayed seedling emergence 
(Ghersa et al. 1994). Delayed emergence has been previously associated with difficult control 
in common waterhemp, giant ragweed and Italian ryegrass (Lolium multiflorum Lam.) 
(Ghersa et al. 1994; Hartzler et al. 1999, 2002). Seedlings that emerge late during the 
growing season are more difficult to control because there are less herbicide and tillage 
options available. Although we might not be able to completely prevent the change of 
complex adaptive traits in response to agricultural practices, identifying these changes would 
allow us to modify the management of our agroecosystem to minimize the impact and spread 
of plants with these complex traits to other regions (Mortimer 1997). 
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Table 1. Quantification of spots present in 2-D gels with proteins from seeds of three 
common waterhemp (Amaranthus tuberculatus) biotypes after incubation at 4 C for 0 or 3 
wk. 
Presence category Spots (%)' 
Ames2 Everly Ohio 
Only 0 wk 10 7 20 
Only 3 wk 11 16 16 
Both Increase3 1 1 1 
Both Decrease4 4 2 5 
Both No-change 74 74 58 
Total Number Spots5 110 89 122 
1 Percentage based on the total number of spots considered within biotype. 
2 Biotype. 
3 Spots present in both treatments whose abundance was higher at 3 wk than at 0 wk. 
4 Spots present in both treatments whose abundance was higher at 0 wk than at 3 wk. 
5 Total number of spots considered within biotype. 
Table 2. Peptide similarity between a putative small heat shock protein (sHSP) in common waterhemp (Amaranthus tuberculatus) 
and sHSP's in other species. 
Species Protein Peptide Sequence E 
value1 
Reference 
Amaranthus tuberculatus 17.6 kDa putative small heat 
shock protein 
TFSETSAFANAR 
Triticum aestivum 16.9 kDa class I heat shock 
protein 
SET AAFAN AR 6.4 McElwain and Spiker 1989 
Nicotiana tabacum cytosolic class I small heat shock 
protein 1A and B 
ETSAFANAR 6.4 Volkov et al. 2005 
Hordeum vulgare 17 kDa class I small heat shock 
protein 
SETAAFANAR 6.4 Slocombe et al. 2004 
Oryza sativa cv.japonica hypothetical protein FSETAAFAGAR 12 Sasaki et al. unpublished2 
Chenopodium rubrum 18.3 kDa class I heat shock 
protein 
ETAAFANAR 37 Knack et al. 1992 
Pennisetum glaucum 16.9 kDa heat shock protein SDT AAFANAR 37 Jensen et al. 1996 
Lycopersicon peruvianum 19.9 and 20.0 kDa heat shock 
protein 
ETSAFANTR 50 Low et al. 2000 
1 Probability value of random background noise that exists for matches between sequences. 
2 Available in the National Institute of Agrobiological Sciences Database, Rice Genome Research Program; Kannondai 2-1-2, 
Tsukuba, Ibaraki 305-8602, Japan. 
Table 3. Peptide similarity between a putative glyceraldehyde-3-phosphate dehydrogenase (G3PDH) protein in common 
waterhemp (Amaranthus tuberculatus) and G3PDH in other species. 
Species Protein Peptide Sequence E value Reference 
Amaranthus tuberculatus 
Arabidopsis thaliana 
Zea mays 
Sinapsis alba 
Atriplex nummularia 
Hordeum vulgare 
Panax ginseng 
Triticum aestivum 
Putative glyceraldehydes-3 -
phosphate dehydrogenase 
glyceraldehyde-3 -phosphate 
dehydrogenase 
cytosolic 1 glyceraldehyde-3 -
phosphate dehydrogenase 
cytosolic glyceraldehyde-3 -
phosphate dehydrogenase 
glyceraldehyde-3 -phosphate 
dehydrogenase 
glyceraldehyde-3 -phosphate 
dehydrogenase 
glyceraldehyde-3 -phosphate 
dehydrogenase 
glyceraldehyde-3 -phosphate 
dehydrogenase 
VDTVDV S VVDLTVR 
TVDV S VVDLTVR 0.1 
TVDV S VVDLTVR 0.1 
TVDV S VVDLTVR 0.1 
TVDV SVVDLTVR 0.1 
TVDV S VVDLTVR 0.1 
Shih et al. 1991 
Martinez et al. 1989 
Martin and Cerff 1986 
Niu et al. 1994 
Morrel et al. 2003 
TVDV SVVDLTVR 0.1 Luo et al. unpublished2 
TVDV SVVDLTVR 0.1 Chen and Jia unpublished3 
1 Probability value of random background noise that exists for matches between sequences. 
2 Available at the Molecular Biology Research Center Database, Xiangya Medical College, Central South University, Xiangya 
Road 88#, Changsha, Hunan 410078, P. R. China. 
3 Available at the Institute of Crop Germplasm Resources Database, Chinese Academy of Agricultural Sciences, Xueyuannanlu 
Road 30, Beijing, Beijing 100081, P R. China. 
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Figure 1. Germination of three common waterhemp (Amaranthus tuberculatus) biotypes 
after incubation at 4 C or 25 C under dry or wet conditions for 3 wk. Treatments with the 
same letter within biotype are not significantly different based on 95% Bonferroni's 
confidence intervals (a = 0.05). Error bars represent SEM. 
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Figure 2. Germination of three common waterhemp (Amaranthus tuberculatus) biotypes after 
incubation at 4 C or 25 C under wet conditions for 0 to 8 wk followed by germination at 28 C 
for 14 d. Error bars represent SEM. 
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Figure 3. Germination over 14 d at 28 C for three common waterhemp (Amaranthus 
îuberculatus) biotypes after incubation at 4 C under wet conditions for 0 to 8 wk. Error bars 
represent S EM. 
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Figure 4. Germination over 14 d at 28 C for three common waterhemp (Amaranthus 
tuberculatus) biotypes after incubation at 25 C under wet conditions for 0 to 8 wk. Error bars 
represent SEM. 
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Figure 5. Seed protein profile of three common waterhemp (Amaranthus tuberculatus) biotypes after incubation at 4 C for 0 and 3 
wk. The protein profiles were visualized using 2-D gels and coomassie blue staining. Example of spots present only in a specific 
biotype and incubation treatment or spots present in all biotypes and all treatments are indicated by black and white arrows 
respectively. Framed areas correspond to the enlarged section of the gels shown in Figure 7. 
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Figure 6. Number of spots detected in seeds of three common waterhemp (Amaranthus 
tuberculatus) biotypes after incubation at 4 C and wet conditions for 0 and 3 wk using 2-D 
gels and coomassie blue staining. Numbers within one, two or three circles represent spots 
detected in one, two or three biotypes respectively. 
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Figure 7. Abundance of a putative small heat shock protein (sHSP) of 17.6 kDa and 6.1 pi 
and a putative glyceraldehyde-3-phosphate dehydrogenase (G3PDH) of 30.9 kDa and 6.4 pi 
in seeds of three common waterhemp {Amaranthus tuberculatus) biotypes after incubation at 
4 C for 0 and 3 wk analyzed using 2-D gels and coomassie blue staining. The arrow indicates 
the location of the protein. 
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CHAPTER 5 
GENERAL CONCLUSIONS 
The present study confirmed the hypothesis that there is intra-specific seed dormancy 
variation in common waterhemp. This conclusion has implications for future 
management of this weed and for understanding its biology. One important observation 
about this variation is that intra-specific dormancy is reflected by major differences in the 
seed physiological regulatory mechanisms across biotypes. In addition, these regulatory 
mechanisms are highly responsive to environmental signals, which confers upon common 
waterhemp seeds a powerful adaptability to changing environmental conditions. 
Seed dormancy level in common waterhemp is highly influenced by temperature. 
Interactions between daily average temperature and moisture reduce seed dormancy, and 
temperature fluctuation alleviates dormancy and triggers germination. It is clear that the 
requirements for dormancy alleviation and germination are different, but the germination 
requirements are dependent on seed dormancy alleviation. There are deep dormancy 
levels in which the seed is not responsive to temperature fluctuation, but these dormancy 
levels can be reduced by exposing the seed to either low or warm temperatures and 
moisture, depending on the biotype, and this makes the seed sensitive to temperature 
fluctuation. This type of organized sequence of responses to the environment might help 
common waterhemp to determine the best time for concerted seed germination and 
seedling emergence events. 
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ABA and GA regulation of common waterhemp dormancy appears to occur only 
when the seed is non-deeply dormant and is sensitive to temperature fluctuation. Thus, in 
this weed, ABA and GA levels are more important in the final transition from non-deep 
dormancy to germination and not in changes in the transition from deep to non-deep 
dormancy. Therefore, the hormonal models previously proposed for seed dormancy 
regulation in other species only have limited applicability in common waterhemp. 
The heritability of seed dormancy traits in common waterhemp is high, especially for 
deep dormancy. The heritability of genes involved in environmental signal sensing and 
seed dormancy regulation is more difficult to determine, but their existence and 
importance in seed dormancy was confirmed. The differentiation between genes that are 
directly responsible for seed dormancy and genes that are involved in environmental 
signal sensing and modification of the expression or function of seed dormancy genes 
explains why in previous studies researchers have contradictorily found that the seed 
dormancy phenotype has a strong genetic component but also a large environmental 
effect. Distinguishing between these two sets of genes will facilitate the genetic study of 
seed dormancy. 
Specific proteins showed patterns of expression that reflected changes in dormancy 
levels in common waterhemp seeds. Thus, these types of protein can be useful molecular 
markers for studying seed dormancy regulation in a more precise and trustworthy 
manner. In addition, the identification of such proteins also can bring light as to which 
genes are responsible for seed dormancy regulation and thus reveal how selective forces 
act upon them or their expression. 
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The evidence suggests that selection for complex seed dormancy regulatory 
mechanisms in common waterhemp is possible and might be one of the reasons why this 
weed has successfully thrived in the Midwest Region. This type of selection could 
complicate weed management in the future because changes in seed dormancy can 
potentially change seedling emergence patterns. For instance, seed dormancy level 
increases can delay seedling emergence to times during the growing season when 
herbicide applications or tillage are not feasible. 
Weeds do not respond to agriculture only by evolving herbicide resistance. They have 
many other traits that confer on them the ability to succeed in agricultural fields. The 
results of the present study highlight the importance of studying and monitoring in weeds 
the evolution of non-desired (from the agricultural perspective) adaptive traits to prevent 
their appearance and/or spread. 
Recommendations for Future Research 
Due to the importance of changes in weed species behavior for weed management, it 
is imperative to determine how agricultural practices such as tillage and herbicide use 
might be involved in the evolution of complex seed dormancy regulatory mechanisms in 
common waterhemp. This can be done by conducting extensive studies comparing 
populations from different agricultural fields with different histories of management and 
from non-agricultural areas. The comparison must include evaluating response to 
stratification and temperature fluctuation, germination rate, and genetic similarity using 
neutral morphological and molecular markers. By conducting this study, we will be able 
to identify agricultural practices, geographic areas, and common waterhemp biotypes that 
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are more prone to the evolution of the mentioned traits. This information will be useful in 
better understanding the ecological importance of seed dormancy in weeds and for weed 
management policy making in the Midwest Region. 
Several species of the Amaranthus genus are considered pernicious weeds, and there 
is a relatively high rate of gene flow between them. Therefore, it is necessary to assess 
whether other Amaranthus species, both monoecious and dioecious, also have intra-
specific variation in seed dormancy regulatory mechanisms. 
It is important to conduct comprehensive transcriptome and proteome analyses in 
common waterhemp seeds undergoing alleviation of deep dormancy to non-deep 
dormancy in order to identify genes responsible for this alleviation. This task could be 
pursued using cDNA subtraction and 2-D gels using fluorescent dyes for high sensitivity. 
Finally, the feasibility of the development of an emergence model for predicting both 
timing and magnitude of common waterhemp emergence should be determined. Also, 
this model should prove to be is applicable to biotypes differing in seed dormancy 
regulatory mechanisms. 
